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1.   INTRODUCTION   
 
Two events significant to the development of post-

processing weather prediction model output began and 
ended 1972.  In January, a probability of precipitation 
(PoP) forecast product valid over the conterminous 
United States (CONUS) replaced a subjective product 
made by forecasters at the National Meteorological Cen-
ter (NMC).  This new product was developed by applica-
tion of the Model Output Statistics (MOS) approach and 
was the first MOS product valid for the entire CONUS.  
While development of the MOS approach had been initi-
ated in the late 1960’s, the December 1972 paper by Bob 
Glahn and Dale Lowry (Glahn and Lowry 1972b) defined 
MOS and demonstrated that post-processing the output 
of numerical weather prediction models would improve 
public and aviation weather forecasts.   

 
Within the National Weather Service (NWS), NMC 

(later reorganized in 1995 as the National Centers for En-
vironmental Prediction or NCEP) was responsible for the 
development and implementation of the numerical 
weather prediction models.  However, the creation of 
MOS, subsequent refinements, and development of op-
erational guidance products were the responsibility of the 
NWS’s Techniques Development Laboratory or TDL 
(later reorganized and renamed the Meteorological De-
velopment Laboratory (MDL) in 2000).   

 
In this paper, we review four decades of post-pro-

cessing development done within TDL/MDL.  The focus 
is on weather guidance products relevant to the public 
and aviation community.  Section 2 of the paper reviews 
background important to the reader’s understanding.  
Section 3 describes computer limitations that hindered 
post-processing during the 1970’s through the 1990’s – 
barriers that seem foreign to a user of weather guidance 
in the 21st century.  Sections 4 – 14 concentrate on differ-
ent eras of model guidance.  Finally, Section 15 provides 
the author’s personal reflection.  

 
2.  BACKGROUND 

 
Both NMC/NCEP and TDL/MDL underwent organi-

zational restructuring during the four decades discussed 
in this document.  For the sake of continuity and ease of 
understanding references in other documents, we have 
attempted to use the organizational name or acronym ap-
propriate at the time the particular model or guidance 
product was implemented. 
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The focus is on public and aviation weather guidance 
products.  Included are forecasts of maximum (max) and 
minimum (min) temperature; air temperature and dew-
point at the 2-m observing height; wind speed and direc-
tion at the 10-m anemometer height; cloud cover and ceil-
ing height; precipitation occurrence and amount; types of 
precipitation (liquid, freezing, or frozen) during winter 
events; snow amount; visibility; and obstructions to vi-
sion.  During the 1970’s and early 1980’s, TDL developed 
a number of specialized MOS products in response to in-
ternal NWS requirements or requests from external us-
ers.  These products included forecasts of convective 
wind gusts; marine winds; max/min temperatures, vertical 
temperature soundings, precipitation occurrence, and 
precipitation amount for the Bonneville Power Admin-
istration; tower wind profiles for the Savannah River La-
boratory; air temperature, evapotranspiration, soil tem-
perature, and sunshine for agricultural weather interests; 
solar energy and sunshine; and aircraft turbulence.  
While these guidance products were quite innovative, 
most were eliminated by the mid-1990’s as requirements 
changed and will not be discussed here.   

 
In this paper, we have emphasized development of 

guidance for forecast projections of 60 h or less.  In the 
1970’s, numerical weather prediction (NWP) was in its in-
fancy, and NWP models tended to focus on projections 
of two days or less.  During this era, the NWS released 
official public weather forecasts twice daily at approxi-
mately 0900 to 1000 UTC and 2100 to 2200 UTC.  Some-
times, a late-morning update forecast was issued.  The 
early morning and late afternoon release times enabled 
official forecasts to be available for publication in the next 
issue of the daily newspaper or for use in the morning or 
evening television news programs.  Table 1 shows the 
standard time for the NWS forecasts of public weather.  
Note that the nominal forecast projection tended to fit the 
definition of valid periods for forecasters in the Eastern 
Time Zone.  A forecaster in the Mountain or Pacific Time 
Zones would need to adjust the forecast to conform to the 
local day or night period. 

 
Several other factors help in understanding the em-

phasis on the development of “short-range” guidance 
products during the 1970’s and 1980’s.  First, the forecast 
issued to the public at 2100 UTC for the “day after tomor-
row” was often termed the “outlook” for that day and was 
less credible than forecasts for the three earlier periods.  
Secondly, the public forecast at 0900 UTC for “tomorrow 
night” might not even be mentioned in a radio or television 
broadcast.  Thirdly, with limited computer resources, 
NMC was restricted in its ability to run a model from 
0000 UTC initial conditions to predict the weather a week  
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Table 1. Standard valid periods of the NWS public 
weather forecasts during the 1970’s, 1980’s, and much of 
the 1990’s.  The column denoted “Fcst. Issued” indicates 
the approximate time that the local forecasters issued 
their forecast. 

Fcst. 
Issued 

Valid Period Nominal Fcst. Projection 

0900 
UTC 

Today 
Tonight 
Tomorrow 
Tomorrow 
Night 

12-24 h after 0000 UTC 
24-36 h after 0000 UTC 
36-48 h after 0000 UTC 
48-60 h after 0000 UTC 

2100 
UTC 

Tonight 
Tomorrow 
Tomorrow 
Night 
Day after To-
morrow 

12-24 h after 1200 UTC 
24-36 h after 1200 UTC 
36-48 h after 1200 UTC 
48-60 h after 1200 UTC 

 
or more in advance.  These factors meant that TDL’s 

work focused on short-range forecasts.  Some limited 

guidance was, however, developed for the 3- to 5-day 

projections to support “medium-range” forecasting. 

The deadlines for issuance of a local forecast meant 

that a surface observation of 0800 or 2000 UTC was the 

latest available for a scheme to post-process NMC model 

output and transmit the guidance to local forecasters.  

Was enough time available for the observation to be de-

coded, used in a post-processing scheme, transmit the 

resulting guidance product to the local forecast office, 

and enable the human forecaster to process the infor-

mation?  TDL often decided on developmental proce-

dures according to the “best” estimate of when the prod-

uct generation software might run operationally. 

During the 1970’s, as MOS products became opera-

tional, dissemination of the guidance encountered seri-

ous obstacles.  Communications of alphanumeric prod-

ucts took place through the Kansas City Weather Mes-

sage Switching Center (WMSC), a facility operated by the 

Federal Aviation Administration (FAA).  These products 

were sent to teletype machines; transmission speeds 

were rated in terms of hundreds of bauds (a baud being 

one bit per second).  Bandwidths were small, particularly 

in light of modern standards that consider transmission 

speeds in terms of megabytes per second.  Alphanumeric 

bulletins were limited in the NWS by restricting quantity 

and types of statistical forecasts to be transmitted. 

Graphics displaying MOS guidance during the 

1970’s and early 1980’s were transmitted via facsimile 

machines.  Products were sent at a scheduled time.  As 

a general rule, few, if any, open slots existed in the sched-

ules.  Usually, addition of a new product required removal 

of an older one.  Relatively few MOS products were avail-

able in graphical form until the 21st century. 

Computer resources (Section 5) were also limited.  

The net result of these various constraints slowed devel-

opment of post-processing.  Implementation of new prod-

ucts faced hurdles, and dissemination of those products 

often called for innovative solutions and trade-offs be-

tween competing products.  What seems strange or con-

voluted today was normal in the environment of the 20th 

century. 

3.  A NEW POST-PROCESSING APPROACH -- MOS 
DEFINED, TESTED, AND IMPLEMENTED  

 
At the first AMS conference on statistical meteorol-

ogy, Bob Glahn presented a new approach to post-pro-

cessing objectively forecasts from NWP models (Glahn 

and Lowry 1968).  He noted that statistical and dynamical 

approaches to weather forecasting should be merged, 

despite a history of growing independently of each other.  

While “classical” and “perfect prog” approaches had been 

tried with varying degrees of success, what became 

known as MOS was described thusly:  “The predictand is 

related statistically to the variables actually produced by 

numerical models.  This method builds in the biases and 

inaccuracies of the numerical model and for predictive 

purposes seems to be the most desirable of the three 

methods.  However, development of these relationships 

requires a history of the numerical model forecasts, and 

for the technique to be useful the numerical model should 

have undergone little change during the period over 

which the historical sample was collected and still be es-

sentially the same when the technique is used.”  

In June 1966, NMC implemented a 6 layer primitive 

equation (6LPE) model (Shuman and Hovermale 1968) 

on a CDC 6600 computer.  At first, the 6LPE made fore-

casts out to 36 h, but by October 1969, the model gener-

ated forecasts to 48 h twice daily, and TDL began to ar-

chive model output.  Two features of the 6LPE were note-

worthy.  First, the 6LPE fields were available at initial 

model time (0000 UTC and 1200 UTC), and at 12-h fore-

cast intervals to the end of the model run.  Secondly, the 

6LPE surface boundary layer was 50 hPa in depth or 

roughly 500 m.  With a lack of temporal and vertical res-

olution in the numerical model, a statistical interpretation 

system could add information to the forecast process.   

Two years later, in June 1968, TDL implemented the 

Sub-synoptic Advection Model or SAM (Glahn et al. 

1969) that generated forecasts at hourly resolution and 

with a spatial resolution approximately ¼ that of the 

6LPE.  SAM was designed to use the latest surface ob-

servations as initial conditions.   With output from these 

models, TDL began testing the MOS concept.  The MOS 

acronym first appeared in 1969 (Glahn and Lowry 1969) 

in a technical memorandum describing development and 

testing of statistical regression equations to predict the 

probability of precipitation (PoP).  The development of 

MOS PoPs from a combination of the SAM and 6LPE 

models was so successful that the first operational MOS 
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facsimile product, namely, PoPs for the eastern United 

States, was implemented in February 1969.  By May 

1969, MOS PoPs for 79 stations were available in alpha-

numeric format on the Service “C” teletypewriter circuit.  

More details about SAM and the contributions of the 

model to development of the MOS concept can be found 

in Glahn (2020).  Since SAM was run only over the east-

ern U.S. and only for projections of 1 to 17 h after the 

latest available surface observation, the model had lim-

ited applicability for generating PoPs beyond the first pe-

riod of the public forecast. 

The landmark paper by Glahn and Lowry (1972b) 

summarized much of the work done to develop the 

SAM/PE MOS approach.  Efforts to develop SAM/PE 

equations were focused on objective forecasts of PoP, 

wind direction and speed, max temperature, cloud 

amount, and conditional probability of frozen precipita-

tion.  Equations for predicting PoP, surface wind, and fro-

zen precipitation were eventually developed, tested, and 

implemented.  For relatively brief durations, operational 

guidance products were generated from these equations.  

However, the primary contributions of the Glahn and 

Lowry paper were to establish MOS as a viable post-pro-

cessing technique, to demonstrate rudimentary develop-

mental guidelines for MOS work, and to note both opti-

mism and caution about the value of combining the NWP 

models with a statistical interpretation of model output.   

3.1 Regression procedure for developing forecast 

equations 

Multiple linear regression was the approach first 

used.  In the TDL MOS application, the dependent varia-

bles or predictand data (local weather observations) were 

correlated to independent variables (predictors) obtained 

from an NWP model, previous surface observations, and 

geographical or climate information.  Multiple least 

squares linear regression, specifically the forward selec-

tion screening technique, was applied to obtain the rela-

tionship between the predictand and predictors.  The re-

sulting equation was of the form: 

 Y = a0 + a1X1 + a2X2 + … + akXk.  

Y is the estimate of the predictand variable, k represents 

the number of predictors in the equation, a0 is the regres-

sion constant, ai (i=1,…,k) are the regression coefficients, 

and Xi (i=1,…,k) are the predictors.  The regression coef-

ficients were obtained from the developmental sample by 

minimizing the mean square error between the estimate 

of the predictand and the actual value.  This process max-

imized the reduction of variance, another measure of the 

goodness of fit of the regression equation.  The first pre-

dictor selected was the variable that gave the greatest 

reduction of variance. The next predictor selected was 

the variable responsible for the greatest additional reduc-

tion of variance when combined with the first predictor.  

The process continued until a user-specified number of 

terms were included in the equation, or until no variable 

remaining in the set of potential predictors added a user-

specified amount to the reduction of variance.  

If the predictand can only be one of two states, for 

instance, precipitation or no precipitation, then the pre-

dictand can be expressed mathematically as 1 for precip-

itation or 0 for no precipitation.  In this case, the regres-

sion equation gives an approximation of the relative fre-

quency of precipitation, that is, the PoP, when the predic-

tors take on their combined values.  In the original PoP 

development, all predictors were binaries, that is, values 

of 0 or 1, depending on whether the value of the predictor 

exceeded a user-specified cutoff or not.  Miller (1964) 

called this Regression Estimation of Event Probabilities 

(REEP).  In this procedure, probability can be negative or 

exceed 1.0. 

When the predictand is an observation of an event 

like cloud cover that can take on x states (for example, 

clear, scattered, broken, or overcast), then the predictand 

can be expressed as x binary variables, each of which is 

set to 0 or 1.  As before, individual probabilities can be 

negative or exceed 1.0.  However, if the same predictors 

were used in the x equations, then the sum of the proba-

bilities equals 1.0.    For multiple predictands, the screen-

ing algorithm was modified so that predictors were se-

lected on the basis of maximizing the additional reduction 

of variance for any one of the predictands.  The chosen 

predictor was then used in the equations for all pre-

dictands, though the coefficients were calculated inde-

pendently for each predictand. 

3.2 General guidelines for MOS development 

The work described in Glahn and Lowry (1972b) es-

tablished standards that were followed by other MOS de-

velopers until better solutions were adopted.  For in-

stance, in the initial PoP development, all predictors were 

binary variables.  Separate PoP equations were devel-

oped for three periods, namely, 1200-1800 UTC, 1800-

2400 UTC, and 1200-2400 UTC.  Unlike later PoP devel-

opments, the equations for the two 6-h periods and the 

12-h period were developed independently of one an-

other.  Though the authors desired to develop individual 

equations for each station (single-station approach), the 

small developmental sample precluded this method.  In-

stead, a “generalized-operator” equation was developed 

in which predictors and predictands for all stations were 

combined into one sample, one equation was developed 

for each projection, and then each equation was applied 

to every station for which PoP was desired.  The unique 

predictor values at for each site meant that the PoPs were 

also unique.  The quality of the PoP guidance, as with all 

MOS developments, was established by comparing MOS 

PoPs to some standard reference, in this case forecasts 

made by NMC or local forecasters.  The developmental 

sample was divided into two seasons, defined as summer 

(April – September) and winter (October – March).  While 
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the nomenclature was later modified to refer to warm and 

cool seasons, respectively, the concept of using seasonal 

stratification for MOS development was established.    

The development of MOS equations for wind direc-

tion and speed established several other principles.  First, 

a dependent sample of approximately 200 cases at each 

station was deemed sufficient to develop single-station 

MOS wind prediction equations.  Second, since wind di-

rection is expressed in degrees from due north, direction 

represents a circular function going from 0 to 360.  While 

a wind of 350 degrees and a wind of 10 degrees are only 

separated by 20 degrees, this relationship is not easily 

represented by linear regression.  Wind direction can, 

however, be represented by the u (east/west) and v 

(north/south) vector components, and separate equa-

tions were developed for the u and v components.  Fore-

casts of u and v were then used to predict wind direction.  

Third, while wind speed can be calculated from MOS 

forecasts of the u- and v-wind components, Glahn (1970) 

showed that this estimate of the wind speed, on average, 

underestimated the actual wind speed.  Thus, a separate 

MOS relationship was developed for wind speed.  Fourth, 

the latest available station observation of the wind was 

an important predictor for the MOS equations.  Fifth, spe-

cific geostrophic wind variables from the SAM model 

judged important to predicting wind speed and direction 

were forced into MOS regression equations as predictors 

to enhance consistency between the model and guid-

ance.  Lastly, MOS forecasts generated from an inde-

pendent data sample were verified and compared to 

those made subjectively for the aviation terminal fore-

casts.  The verifications showed the usefulness of the 

MOS technique. 

Initial efforts to predict calendar day max tempera-

ture (“today’s” max) via MOS were made from output var-

iables of the 0700 UTC SAM and the 0000 UTC 6LPE 

model.  Developmental data were stratified into warm and 

cool seasons, and multiple linear regression equations 

were developed for each season and each station.  Initial 

testing began in April 1969 and continued until Septem-

ber 1971.  The MOS max temperature equations were 

updated every 6 months prior to testing on the forthcom-

ing warm or cool season.  Both continuous and binary 

variables were included as possible predictors.  Though 

tests were conducted on a small sample of stations, sev-

eral important conclusions resulted from the study.  First, 

the optimal number of predictors in the forecast equations 

was eventually set to 10.  Second, the MOS max temper-

ature forecasts exhibited monthly biases over a season.  

Use of the first harmonic (cosine and sine) of the day of 

the year as potential predictors removed most of this bias.  

Third, not all of the bias was eliminated; the authors spec-

ulated that some bias could have been due to changes 

made to the 6LPE over the period that the developmental 

sample was collected.  Lastly, the MOS system was com-

parable in accuracy to the perfect prog Klein-Lewis tem-

perature guidance (Klein and Lewis 1970), but was less 

accurate than the official max temperature forecasts.   

Work in developing a MOS system to predict cloud 

amount had just begun when Glahn and Lowry (1972b) 

was written.  In initial work on clouds, single-station mul-

tiple linear regression equations were developed from a 

coded predictand indicating total cloud cover, that is, 

clear, partial obscuration, thin scattered, scattered, thin 

broken, broken, thin overcast, overcast, or obscured.  

The predictand observations were valid at 1200, 1500, 

2100, and 2400 UTC, and predictors included the latest 

available surface observation (0700 UTC).   

Finally, some development on predicting the condi-

tional probability of frozen precipitation (PoFP(P)) had oc-

curred.  The predictand was taken from a subset of the 

developmental data, namely, cases when precipitation 

was occurring at a specified hour.  The primary predictor 

in the forecast equations was a variable indicating the 

probability of frozen precipitation occurring as a function 

of the predicted 1000 – 500 hPa thickness.  Using predic-

tor variables derived from model output and representing 

physical processes important to the occurrence of the 

predictand became quite common in MOS development.  

All other predictors were binary variables, and the gener-

alized operator approach was used to develop the fore-

cast equations.  In testing on independent data, Glahn 

and Lowry noted a bias in the PoFP(P) probabilities.  The 

authors speculated that a change made in the 6LPE dur-

ing the developmental sample could have been respon-

sible. 

In the early 1970’s, work on forecasting ceiling height 

was also underway (Bocchieri and Glahn 1972).  Other 

MOS developmental principles were adopted.  For in-

stance, the idea of using predictors valid only at the pre-

dictand site became the standard.  In the nascent devel-

opmental and operational MOS system, the complexity of 

using predictors from a network of stations was not justi-

fied by verification results.  In the MOS system, forecast 

model fields were archived on a grid and then interpo-

lated to a station for use in regression.  This feature al-

lowed manipulation of model forecasts, such as smooth-

ing or creating derived variables during the developmen-

tal process, rather than making decisions about predictor 

variables as model data were archived.   

While multiple linear regression was to be used for 

predicting ceiling height, small samples and the rarity of 

low ceilings meant that developmental data were pooled 

and that development of generalized-operator equations 

was necessary.  The question as to the type of predictors 

to use was not settled; experiments were conducted with 

various combinations of observations and forecasts from 

the 6LPE and SAM models.  Since ceiling height is a 

quasi-continuous variable, the predictand definition was 

not obvious either.  Two approaches were tested.  In one, 
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equations were developed simultaneously to predict the 

probabilities of five mutually exclusive and completely ex-

haustive categories of ceiling height.  A separate equa-

tion was derived for each category; the same predictors 

were used in each equation, but the coefficients and con-

stants varied among equations.  The categorical forecast 

was selected from the predicted probabilities by an ap-

propriate algorithm.  In the second approach, the ceiling 

height was transformed by a function designed to empha-

size the lower ceiling heights, and the transformed value 

was treated as a continuous variable.  Either the REEP 

approach or standard regression was applied to develop 

forecast equations for the binary or continuous pre-

dictand, respectively.  

Development and testing focused on ceiling height 

forecasts valid at 1200, 1800, and 2400 UTC, which rep-

resented 5-, 11-, and 17-h projections, respectively, from 

the SAM start time.  In what became a standard model 

for TDL developers, the verification on independent data 

was designed to: 

• determine the optimal number of predictors; 

• select the optimal combination of observed 
and model predictors; 

• choose the predictand definition that best fit 
user needs; 

• compare the objective forecasts with an ap-
propriate standard; and 

• determine the best approach for transform-
ing probabilities into categorical guidance. 

 
Extensive tests on predicting ceiling heights showed that 

the best approach to choosing a categorical forecast de-

pended on the verification score being used to evaluate 

the guidance. For instance, maximizing percent correct 

was not beneficial if some categories represented rare 

events.  In this case, the bias1 became a concern.  The 

developer needed to select a meaningful verification 

score and tune the categorical system accordingly.  

Eventually, a “utility matrix” was created to produce bi-

ases between 0.98 and 1.02 for ceiling height.  An itera-

tive “trial and error” approach was used to obtain this min-

imum bias matrix.  The practice of minimizing bias in cat-

egorical guidance products was widely adopted within 

TDL, but the challenge of selecting a categorical forecast 

from probabilities was a recurring issue. 

The Glahn and Lowry paper (1972b) summarized 

the MOS approach, use of screening regression, and de-

velopment of rudimentary PoP, wind, and max tempera-

ture guidance from the SAM/6LPE models.  Eventually, 

more extensive MOS guidance in terms of elements and 

national coverage became available, but the effort that 

                                                 
1  Bias is defined as the number of categorical forecasts 

(F) of the event relative to the number of observed events (O), 

went into developing the prototype operational MOS sys-

tem laid the groundwork for what was to follow and 

showed that MOS was a valuable prediction tool, partic-

ularly when probabilities were needed.  In general, 

• the predictand definition was critical; 

• sample sizes determined whether single-

station or generalized-operator equations 

were developed; 

• probabilities could be used to generate cat-

egorical guidance; 

• predictors from both model forecasts and 

station observations were effective; 

• equations should sometimes be developed 

simultaneously for multiple predictands; 

• equations should be updated seasonally.   

 
Some evidence was presented to indicate that 6LPE 

model changes may have affected the quality of the MOS 
guidance.  The last paragraph of the paper summarized 
future challenges that faced TDL in developing methods 
to post-process output from numerical weather prediction 
models:  “Progress in objective weather forecasting 
within the next few years will come through the combining 
of numerical and statistical models.  Due to the develop-
ment of new, and the modification of old, numerical mod-
els, data samples containing numerical model output are 
a perishable commodity.  Therefore, considerable prior 
planning and organization will be necessary in the oper-
ational implementation of MOS products.”  

 
4.  THE MOS SYSTEM INFRASTRUCTURE 

 
By the early 1970’s, the MOS approach was the 

method of choice for providing objective guidance from 

the combination of numerical and statistical models.  As 

noted in Section 3, a formal organization of software and 

data bases was necessary for efficient implementation of 

MOS products.  TDL became successful in MOS devel-

opment and implementation because digital data bases 

were established and quality-controlled, software was 

written in a systematic and documented fashion, and TDL 

staff members used their meteorological expertise to de-

velop and improve guidance products within an estab-

lished framework. 

Bob Glahn had done much of the early programming 

and testing of statistical concepts within TDL.  After NMC 

implemented the 6LPE model on the CDC 6600 com-

puter, this machine hosted initial TDL model and obser-

vational databases, MOS developmental programs, and 

operational processes.  Bob Glahn led the effort to create 

the software and archives, writing most of the develop-

mental software and concentrating on MOS development 

from the SAM and 6LPE models.  With the creation of 

that is, the bias equals F/O.  A desirable or “minimum” bias is 
1.0. 
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other NWP models such as the TDL Atmospheric Trajec-

tory (AT) model (Reap 1972), MOS equations relied on 

both the 6LPE and AT models.   At this point, a unified 

developmental structure with standardized software was 

necessary.  The need for databases, archive processes, 

software, and developmental procedures to be thor-

oughly documented was also evident.  The MOS system 

on the CDC 6600 is described in Glahn (1973b). 

In 1972, NMC began testing numerical weather pre-

diction models on a new IBM 360/195 mainframe com-

puter.  The IBM mainframe had a distinct word architec-

ture and operating system.  Facing the removal of the 

CDC machine, TDL staff converted all programs and ar-

chives to run on the IBM computer.  A revised and en-

hanced MOS system was established on the IBM 

360/195 by 1974 (Glahn 1974).  For the next 20 years, 

this MOS system (later designated as MOS-1974) was 

the foundation of NWS MOS guidance.  While the MOS 

system was frequently modified, the basic architecture 

remained unchanged. 

The introduction to the MOS-1974 manual described 

what MOS is, why a system was essential, and how the 

documentation was to be maintained.  Chapter IV listed 

the models for which grid point archives were estab-

lished.  When NMC implemented new models, TDL es-

tablished archives to extract subsets of the model grid 

and output variables.  Chapter VI of the manual described 

surface observation data obtained from the National Cli-

matic Data Center (NCDC).  In the early years of MOS, 

these observations provided nearly all predictand varia-

bles.  Hourly observations recorded at 3-h intervals from 

0000 UTC to 2100 UTC at approximately 260 sites in the 

United States were available.  NCDC had done quality-

control on the observations.  Because quality of observa-

tions was critical to the success of MOS, TDL did subse-

quent quality-control via a mix of automation and human 

judgment.   

The TDL hourly observation archive (Chapter X) be-

gun in December 1976 deserves special mention.  This 

archive became one of the most essential databases in 

TDL.  Early in MOS development, the value of hourly, ra-

ther than 3-h, surface observations was recognized.  

These observations were needed for all available stations 

with as much of the meteorological information as could 

be saved.  On the IBM 360/195, NMC had established 

hourly files containing all the surface aviation reports 

(SA’s) that reached NMC.  Files of synoptic reports were 

also available.  A project was established within TDL to 

access the NMC files and save the data in a suitable for-

mat.  After the archive was established, a team of TDL 

meteorologists and programmers worked to create a 

thorough quality-control procedure for the data.  Encod-

ing of the hourly SA’s was not always done properly, re-

porting standards were not consistently followed, the 

meaning of some reports was ambiguous, precipitation 

amounts were sometimes not reported though precipita-

tion had occurred, reports sometimes indicated unrealis-

tic meteorological conditions, and so forth.  The extensive 

automated quality-control process that ensued was criti-

cal to later development of statistical guidance products.  

In subsequent years, as TDL expanded the network of 

MOS stations, refined predictand definitions, and em-

barked on new projects to generate guidance valid at 

hourly resolution, the hourly data archive proved invalua-

ble. 

A standard format for MOS program write-ups and a 

lab-wide requirement to document software made the 

TDL software documentation (Glahn et al. 1975) an es-

sential reference for every MOS developer.  In 1979, Bob 

Glahn issued software standards (Glahn 1979a) that 

every TDL employee was to follow.  These standards pre-

scribed internal program documentation, use of variable 

names, and so forth.  The rationale for standards was 

summarized thusly:  “The objectives of the TDL stand-

ards are to enhance clarity, testability, maintainability, 

and person-to-person and computer-to-computer trans-

ferability of software throughout its life cycle.”   

The importance of the MOS infrastructure can’t be 

over-emphasized.  New employees, many with little or no 

statistical background, were hired for the MOS effort.  

Within 6 months, these employees were trained and 

could productively develop and test MOS products with 

some degree of confidence.  The development and im-

plementation of new products were possible because a 

defined path was available to define predictands and test 

ideas.  The quality-control of both model and observa-

tional databases meant that a developer was reasonably 

confident that developmental data were correct.  Error 

rates in developing and implementing operational prod-

ucts were minimized.  Cooperative education students 

came to TDL and assisted senior-level meteorologists in 

developing new products.  In short, TDL had a productive 

environment for developing and implementing statistical 

guidance. 

5.  COMPUTER RESOURCES 

During the early years of MOS, computer resources 

were scarce and primitive by modern standards.  DiMego 

et al. (2004) documented the processing speed of NWS 

computers during the 1900’s and early 2000’s.  When the 

IBM 704 was bought in 1957, peak processing speed 

(floating point operations per second or flops) was 

8 Kflops.  In 1960, the IBM 7090 increased this to 

67 Kflops.  In 1963, a speed of 100 flops was reached 

with the IBM 7094.  In 1966, the CDC 6600 had a speed 

of 3 Mflops.  Finally, in 1972, the IBM 360/195 reached 

speeds of 18 Mflops.  For comparison, in 2014 a new su-

percomputer at the University of Maryland was capable 

of 300 trillion (300 teraflops) operations per second (M. 

Weil 2014) – a speed approximately 100 million times 
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faster than the CDC 6600 on which the first MOS system 

was developed. 

Programming until the late 1970’s was done on 

punched cards.  Control information used as input to pro-

grams was created by key-punching data on input cards.  

For years, disk storage space was either unavailable to 

developers or was rationed.  Programs were stored in 

decks of cards.  A careless computer operator could undo 

weeks of development work by dropping a deck of cards 

on the terminal room floor.  When disk storage space be-

came available, quantities were small.  Disks were 

mounted on a spindle as needed.  If an operator was un-

available, the user’s program could not run.  Time-shar-

ing devices which allowed a developer to program di-

rectly on the computer without punch cards were unavail-

able until the IBM 360/195 had been installed and ade-

quate disk storage had been obtained. 

Archives needed for MOS development were stored 

on magnetic tape.  A tape contained 40 to 140 Mbytes, 

according to tape density and length.  Length was often 

variable, especially if a tape had been broken and re-

paired.  Tapes could be broken or mishandled by opera-

tors.  Stories abounded about tapes going bad after a cer-

tain length of time. 

Since NWS computers were first and foremost for 

weather prediction and operational products, computer 

usage was restricted.  With the advent of the IBM 

360/195, a queuing system was established for develop-

mental jobs.  Jobs that required small amounts of 

memory, short runtime, and no external resources were 

first in the queue.  Jobs that required large amounts of 

memory, long runtimes, and external resources were last.  

In this environment, a small job was defined as one that 

required 256 Kbytes of memory.  The maximum amount 

of memory available was 600 Kbytes.  Compare that with 

the standard desktop computer available today with 4 or 

more Gbytes of memory. 

For a MOS developer, checkout or compilation of a 

development job might require 256 Kbytes of memory 

and 1 minute or less of runtime.  Usually, the turn-around 

for such a job was within a day.  A MOS regression pro-

gram that developed equations for a large number of 

sites might not run until a weekend had passed.  It was 

not uncommon for a developer to submit a job on Monday 

morning and receive the results the subsequent Monday!  

6.  PEATMOS – THE GROWTH OF MODEL POST-

PROCESSING 

By the early 1970’s, with the MOS infrastructure in 

place and the 6LPE model twice daily producing fore-

casts of the atmospheric circulation out to 48 h in ad-

vance, TDL began developing MOS guidance for the 

public weather forecast periods described in Table 1.  Be-

cause SAM was limited in its geographical and temporal 

coverage, SAM-based MOS products were eliminated in 

September 1973.  However, as noted earlier, the three-

dimensional atmospheric trajectory (AT) model (Reap 

1972) had been implemented in response to an NWS 

mandate to improve forecasts of convective weather.  Us-

ing output from the PE model, the AT model generated 

forecasts of temperature, dew point, stability, and net ver-

tical displacement out to 24 h in advance for the CONUS.  

The AT fields became another possible source of predic-

tor information for the MOS system, and the PEATMOS 

acronym was born. 

Implementation of PEATMOS weather guidance be-

gan in 1972 and continued throughout the 1970’s.  At the 

same time, NWS efforts to modernize operations meant 

changes in computer resources and numerical weather 

prediction models; MOS weather guidance evolved to 

keep pace with changing requirements.  By December 

1973, the 6LPE was running operationally on the IBM 

360/195.  By November 1975, three IBM machines were 

available for operations and development.  In January 

1978, the 6LPE would be modified to have a mesh length 

of 190.5 km and a seventh layer, and would be run oper-

ationally over the Northern Hemisphere to a forecast pro-

jection of 84 h from 0000 and 1200 UTC initial conditions.  

The model was then designated the 7LPE. 

In 1971, NMC implemented the Limited-area Fine-

mesh Model (Howcroft and Desmaris 1971) to generate 

guidance earlier in the forecast cycle.  In its physics and 

numerics, the LFM was similar to the 6LPE model but 

with a grid mesh length of 190.5 km, instead of 381 km.  

The LFM ran over a smaller area than the approximately 

hemispheric 6LPE, and LFM boundary conditions were 

controlled by the 6LPE.  For a few years, the LFM pro-

duced forecasts out to 24 h.  By early 1975, the LFM was 

producing forecasts for projections out to 36 h, and, by 

early 1976, LFM forecasts were available twice daily to 

48 h.  The operational LFM ran significantly earlier than 

the 6LPE.  With increased accuracy over the CONUS 

compared to the 6LPE, particularly during the first 36 h of 

the forecast period, the NWS decided that the regional 

LFM would become the primary model for the earlier fore-

cast projections while the 6LPE/7LPE would be the nu-

merical model for the extended forecast periods.  Thus, 

by the mid-1970’s, the LFM became available for use in 

MOS development.  The presence of both the 6LPE and 

LFM resulted in a diverse blend of MOS products being 

implemented in the later years of the 1970’s. 

The evolution of MOS products during the 1970’s is 

confusing.  For that reason, the discussion in the rest of 

Section 6 is restricted to PEATMOS products.  Section 7 

is devoted to products generated during the transition 

from PEATMOS to LFM MOS.   
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6.1 Probability of Precipitation (PoP) 

The first PEATMOS facsimile chart for the CONUS 

was implemented in January 1972 (NWS 1971) for 12-h 

PoP ending 24, 36, 48, and 60 h after initial model time. 

This product replaced subjective NMC PoPs.  The chart 

was a four-panel graphic issued twice daily at 0721 and 

1921 UTC.  Figure 1 shows one of the PoP panels.  In 

NWS 1971, two items were noteworthy.  First, the fact 

that the graphic was produced twice daily for four periods 

“allows a 12-hr backup for each of the first three periods” 

in case of machine failure.  Secondly, information was 

provided to the forecaster so that he/she could use the 

PoP guidance in an intelligent fashion.    

Lowry and Glahn (1976) described testing that went 

into developing PEATMOS PoP equations.  The pre-

dictand was defined to be the occurrence of liquid-equiv-

alent precipitation of 0.01 inches or greater during the 

12-h period ending 24, 36, 48, or 60 h after the initial 

model times of 0000 or 1200 UTC.  Observations were 

available as predictands from 234 stations in the CO-

NUS.  The REEP procedure was used to relate the pre-

dictand to model predictors.  The resulting MOS equa-

tions gave the probability of the precipitation event occur-

ring.  Seasonal stratification of developmental data meant 

that equations were developed for both warm (April-Sep-

tember) and cool (October-March) seasons.  If possible, 

operational equations were redeveloped before the start 

of a 6-mo season. 

At first, one year of data (October 1969 – March 

1970) was available for development, with testing being 

done on the October 1970 – March 1971 period.  Only 

one cycle of model forecasts, namely 0000 UTC initial 

time, was used for derivation of the prediction equations; 

however, the same equations were applied to both cycles 

for test purposes.  The regionalized-operator approach 

was used, that is, data were pooled for all the stations in 

a relatively homogeneous region, and one equation was 

developed for that region for each projection.  Regions 

were selected subjectively after considering the relative 

frequency of the precipitation event, given a certain value 

of 6LPE relative humidity forecasts.  Predictor variables 

on the archive grid were modified by 5-, 9-, 13-, or 

25-point spatial smoothers before interpolation to each 

station.  More smoothing was applied as the forecast pro-

jection increased. 

As additional seasons were added to the develop-

mental sample, equations were developed for both 0000 

and 1200 UTC cycles.  The developmental regions be-

came smaller so that prediction equations were better 

tuned to the stations.  An error introduced in the 6LPE in 

October 1969 caused a dry bias in the model; the error 

was corrected in September 1970 (NWS 1970).  Data for 

the October 1969 – September 1970 period were elimi-

nated from testing and development.  By October 1972, 

PoP equations were available for each cycle, the list of 

binary predictors had expanded to include multiple cut-

offs, and timing biases in the 6LPE model meant that bi-

nary predictors offered to the regression were valid at 

multiple times for the same predictand projection.  By the 

warm season of 1973 (NWS 1973c), tests showed that 

12-term PoP prediction equations were optimal.   The 

warm season of 1975 (NWS1975b) saw the expansion of 

the predictor list to include continuous and binary predic-

tors as well as the sine and cosine of the day of the year. 

This evolutionary development of PoP, particularly the ef-

fort to redevelop the MOS equations before the start of 

each cool or warm season, was a prototype for develop-

ment of other MOS products.  The idea of adding more 

data, decreasing the size of the regions for development 

purposes, and making useful adjustments to the predictor 

list drove implementations during the 1973 – 1975 period. 

6.2 Conditional probability of frozen precipitation – 

the logit model 

The logit curve was introduced to the MOS system 

(Glahn and Bocchieri 1975) with the development and im-

plementation of guidance to predict the conditional prob-

ability of frozen precipitation (PoFP(P)).  The predictand 

in this case was the occurrence of either snow or sleet 

(ice pellets) at a specific hour, conditional on the occur-

rence of precipitation being reported.  This definition re-

quired that all non-precipitation cases be eliminated from 

the developmental sample.  MOS equations were devel-

oped for specific hours, namely, 12, 24, 36, and 48 h after 

both 0000 and 1200 UTC.  Precipitation reports from ap-

proximately 234 sites in the CONUS were available in the 

developmental sample. 

The logit technique (Brelsford and Jones 1967, 

Jones 1968) was used in the PoFP(P) development in 

two ways.  First, 50% values at each of the stations in the 

developmental sample were estimated from 6LPE model 

output of 1000-500 hPa thickness, 850-hPa temperature, 

and boundary layer potential temperature. These 50% 

values represented the value of a meteorological quantity 

at which the chance of frozen precipitation occurring in a 

precipitation event was 50%.  The 50% value was found 

by fitting an S-shaped curve (the logit curve) to the 6LPE 

model forecasts and the occurrence or non-occurrence of 

frozen precipitation.  In this process, Y was the depend-

ent variable (1, for frozen precipitation; 0 for non-frozen), 

X was the independent variable (the 6LPE model varia-

ble), and the probability of Y was expressed by: 

P{Y=1|X} = (1+exp(a+bX))-1. 
 
          The logit model estimated parameters a and b 

by maximum likelihood.  Once the logit curve was known, 

then solution of the equation for X when the probability 

was 50% (X = -a/b) yielded the 50% value.  This value 

provided station-specific information; the logit equation 

gave a simple, one variable estimate of the probability of 

frozen precipitation from any value of X.  Because 50% 



 9

values were developed for each station and the sample 

of model data was small, 6LPE model forecasts for pro-

jections valid at 0600, 1200, 1800, and 0000 UTC were 

pooled for the derivation.  Only about 186 stations in the 

dependent sample had enough reports to estimate these 

50% values. 

The second application of the logit model came in 

combining predictors to form a prediction equation with 

multiple variables.  The logit program did not select pre-

dictors by screening.  Hence, a set of variables was se-

lected by the developer for each projection, differences 

from the 50% values were computed for the 6LPE model 

variables, and then these deviations along with the sta-

tion elevation and the sine/cosine of the day of the year 

were used as predictors.  Multiple projections of the 6LPE 

variables were included for each guidance projection.  

The developmental data for all stations were pooled and 

one generalized-operator equation of the form:  

  P{Y=1|X1,X2,…,Xn}=(1+exp(a+b1X1+b2X2+…+bnXn))-1 , 
 

was derived to predict the probability of frozen precipita-
tion.  Categorical guidance was determined by selecting 
the category (frozen, non-frozen) with the highest proba-
bility.  Unlike probabilities generated from regression 
equations, logit-based probabilities were inherently con-
strained between 0.0 and 1.0. 
 

The first PoFP(P) system was implemented in No-

vember 1972.  At that time, the probabilities were availa-

ble (NWS 1972) as dashed isopleths on hand-drawn PoP 

facsimile charts (not shown).  New “Service C” teletype 

bulletins (FOUS12) containing the PoP and PoFP(P) for 

152 sites in the CONUS also became available twice 

daily at approximately 0720 and 1920 UTC.  In December 

1972, the PoP/PoFP(P) became computer-drawn 

(Fig. 2).  Symbols representing the prediction of snow or 

liquid precipitation were plotted at station locations when 

the PoP was > 45%.  Snow was predicted when PoFP(P) 

exceeded 50%.  In February 1973, new PoFP(P) equa-

tions developed from an additional year of dependent 

data were implemented (NWS 1973a).   

In February 1976 (NWS 1976e, Bocchieri and Glahn 

1976), the PoFP(P) system (now designated PoF)  was 

again updated.  Major changes included the addition of 

two more winter seasons of 6LPE output to the depend-

ent sample, the inclusion of the 1000–850 hPa thickness 

as a potential predictor, availability of additional observa-

tions (0300, 0900, 1500, and 2100 UTC) to derive 50% 

values for four variables predicted by the 6LPE model 

(the same three variables used in the original develop-

ment plus the 1000-850 hPa thickness), a better method 

for selecting predictors to be included in the logit predic-

tion equations, and addition of 18-, 30-, and 42-h projec-

tions to the list of the original four predictand projections 

(12, 24, 36, and 48 h after 0000 and 1200 UTC).  Tests 

comparing the REEP approach to the logit technique 

showed that logit produced more accurate guidance.  

However, the REEP approach could be used as a first 

guess for the appropriate predictors in the logit process.  

In this PoF development and implementation, the gener-

alized-operator approach was used so that only 14 equa-

tions were necessary to produce the guidance for two cy-

cles and seven projections. 

6.3 Maximum/minimum temperatures 

Some mention of the “perfect prog” approach used 

within the NWS for many years is relevant before discuss-

ing the implementation of PEATMOS max/min tempera-

ture guidance.  In the K-L perfect prog method (Klein and 

Lewis 1970), specification equations were developed to 

relate the observed max or min temperature to observed 

or analyzed atmospheric conditions like upper-air 

heights or temperatures.  In operations, these specifica-

tion equations were applied to forecast output from an 

NWP model.  In contrast, MOS equations related a me-

teorological variable like observed max temperature to 

predicted variables from an NWP model.  These equa-

tions were applied to forecast output from the same or 

nearly the same model.  The latter approach seemed in-

herently more accurate because MOS accounted for cer-

tain systematic model biases, model predictability of at-

mospheric variables, and the decrease in model skill with 

increasing projection. 

In September 1968, perfect prog forecasts of 

max/min temperature were first disseminated in a tele-

type bulletin for 131 stations in the conterminous U.S. 

(Klein and Lewis 1970).  The max/min temperature guid-

ance was valid for periods approximately 24 to 60 h in 

advance.  As in MOS development, perfect prog equa-

tions were developed by multiple linear regression and 

from data stratified by season.  Unlike the MOS ap-

proach, a field or network approach was used to obtain 

the predictors for the equations; a predictor for a particu-

lar station may have been atmospheric conditions hun-

dreds of miles away from the station of interest.  Both max 

and min temperature specification equations were devel-

oped from observations that lagged the nominal time of 

occurrence of the max or min. 

The K-L perfect prog system had one interesting ad-

vantage over MOS.  Since only one set of equations was 

developed for the max and one set for the min, these 

equations were used at both forecast cycles and for any 

appropriate forecast projection.  In operations, observa-

tions were replaced by model forecasts (both the numer-

ical model and the prior perfect prog max or min forecast) 

as the forecast projection increased.  This “bootstrap” ap-

proach meant that the perfect prog forecast system could 

be used for longer-range projections as long as appropri-

ate variables were available from the NWP model.  The 

bootstrap method meant that in later years MOS fore-

casts could be substituted for the K-L perfect prog fore-

casts when appropriate or useful. 
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In August 1973, following unsuccessful attempts to 

improve the perfect prog max/min system (Klein and Mar-

shall 1973) and experiments showing the superiority of 

MOS max/min guidance (Klein and Hammons 1975), the 

NWS implemented MOS max/min temperature guidance 

for the same four projections (Table 1) available in the 

perfect prog system.  Similarly, MOS max/min tempera-

tures were valid for local calendar day (midnight to mid-

night, local time).  Unlike PoPs, PoF, and earlier SAM/PE 

MOS efforts, MOS max/min temperature equations (Klein 

and Hammons 1975) included 0000 and 0600 UTC or 

1200 and 1800 UTC observations (according to the fore-

cast cycle) as potential predictors for the first forecast pe-

riod.  Model predictors for all four projections included 

6LPE and AT variables. The AT variables were exclu-

sively 24-h forecasts.  The 6LPE variables were valid at 

12, 24, 36, and 48 h after initial model time with the ex-

ception of precipitable water valid at 18, 30, and 42 h after 

initial model time.  All model variables were smoothed 

with either a 5- or 9-point smoother.  The sine and cosine 

of the day of the year were included to represent the an-

nual variation in the normal max/min temperature.  Ten-

term equations were optimal, and the new MOS system 

generated max/min guidance for 228 sites in the CONUS, 

a substantial increase over the 131 stations in the K-L 

system.  Equations were developed for both warm and 

cool seasons.  Because observations were used at most 

stations as predictors for the first period guidance, the 

possibility existed that during daily operations predictor 

observations for MOS stations were missing.  This poten-

tial glitch necessitated the development of two sets of 

guidance equations for the first projection, that is, a pri-

mary set using all potential predictors including observa-

tions, and a secondary or backup set using only model 

and climatic predictors. 

The operational output of the PEATMOS max/min 

guidance system underwent a number of changes after 

the initial August 1973 implementation.  At first, max/min 

guidance for 135 stations was transmitted on NWS Ser-

vice C in the FMUS1 bulletin.  Forecasts for another 93 

stations were available in the FOUS 28 message sent on 

the FAA’s WMSC Request/Reply circuit; the guidance for 

the other 135 sites was also available on this circuit.  By 

February 1975, the format of the max/min temperature 

bulletin on Service C was modified to combine the tem-

perature forecasts with the MOS PoP and PoF forecasts 

(NWS 1974d). The new bulletin now called FOUS12 

(Fig. 3) eliminated the need for the other bulletins. 

A four-panel facsimile chart displayed a mixture of 

the MOS max/min guidance (135 sites in the CONUS) 

and the K-L perfect prog guidance (5 sites in the CONUS 

and 11 cities in southern Canada).  By October 1974, the 

computer-generated isotherms on this chart depended 

on analysis of MOS guidance at 228 sites and the K-L 

guidance at 16 sites (NWS 1974b).      

In August 1975, additional 6LPE data enabled devel-

opment of max/min equations for 3-mo seasons (spring 

(March – May), summer (June – August), fall (September 

– November), and winter (December – February)), and 

resulted in improved guidance (Hammons et al. 1976).  

Extensive testing had led to substantive changes in po-

tential predictors, including the addition of observations 

as predictors for the second valid period (approximately 

24-36 h after initial model time) and use of both first and 

second harmonics of the day of the year to capture sea-

sonal trends in temperature.  A 25-point smoother was 

applied to many of the model predictors, particularly 

when 48-h model forecasts were being used to predict 

the fourth period max or min temperature.  The pre-

dictand was still the calendar day max/min, and 10-term 

equations remained optimal.  

6.4 Surface winds  

For winds, MOS equations developed from the 6LPE 

model were first implemented in May 1973 (NWS 1973b, 

Carter 1975) and were available for 233 stations in the 

FOUS22 bulletin on the Service A request/reply circuit.    

Guidance was valid at 12, 18, 24, 30, 36, 42, and 48 h 

after 0000 or 1200 UTC.  The 0600 or 1800 UTC obser-

vations were included as potential predictors for the 12-h 

projection.  Inclusion of observations as predictors neces-

sitated the development of backup equations that used 

only model predictors and climatic terms.  Model predic-

tors included forecast variables that influenced surface 

winds such as winds in the low and mid troposphere and 

atmospheric stabilities.  The sine and cosine of the day 

of the year and twice day of the year were included to 

simulate seasonal variation in wind speed.  The develop-

mental sample was divided into warm (April – Septem-

ber) and cool (October – March) seasons.  Unlike earlier 

work with surface winds, the MOS equations were devel-

oped simultaneously for both the u- and v-wind compo-

nents and the wind speed.  This simultaneous derivation 

meant that predictors in the forecast equations for the 

three predictands (u, v, and speed) at a specified projec-

tion were the same, though the equation coefficients and 

constants differed.  For this development, the 6LPE 

boundary layer wind components and speed valid at the 

same time as the predictand were forced to be the first 

three predictors in the equations.  All equations were sin-

gle-station and contained ten terms.  

Early experience showed that strong winds were un-

derforecast by MOS.  In December 1973, a post-pro-

cessing procedure was implemented to compensate for 

this bias (NWS 1973e).  The procedure considered two 

MOS estimates of wind speed, namely, speed directly 

from the MOS equation and speed estimated from the 

vector sum of the u- and v-wind components.  The greater 

of the two speeds was selected as the MOS forecast.  

This approach helped, but did not eliminate the problem. 
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In May 1975 (NWS 1975c), new wind equations 

were implemented.  Five years of 6LPE data were avail-

able as a developmental sample, additional variables 

were screened as potential predictors, 12-term single-

station equations became the standard, and forcing of 

predictors was eliminated.  A new post-processing tech-

nique was also introduced to compensate for the under-

forecasting of the high wind speeds.  The “inflation” tech-

nique had been used many years earlier with perfect prog 

temperatures.  In the wind application, MOS forecasts of 

wind speeds greater than the developmental mean were 

increased, while those forecasts less than the develop-

mental mean were decreased.  The net result was that 

more strong winds were predicted with only minor 

changes in the overall root mean square errors. 

6.5 Cloud amount   

Development of MOS cloud guidance was a vexing 

problem because a categorical forecast needed to be ob-

tained from the cloud probability forecasts.  In 1973 

(Glahn 1973a), single-station multiple regression equa-

tions were developed to predict probabilities of clear, 

scattered, broken, or overcast at projections of 18 and 

30 h after 0000 and 1200 UTC, respectively.  Predictors 

came from the 6LPE and AT models.  Transformation of 

probabilities into categorical forecasts depended on the 

verification score assessing the utility of the forecast to 

the user; for clouds, maximizing the percentage correct 

was the goal.  In this development, however, clear and 

overcast conditions were overforecast, that is, the bias 

(number predicted/number observed) was > 1.0 while 

scattered and broken clouds were underforecast (bias < 

1.0).  This undesirable characteristic was ameliorated by 

using a minimum bias matrix to transform the probabili-

ties.  Probabilities of clear, scattered, broken, and over-

cast were multiplied by values of 0.84, 1.20, 1.04, and 

0.94, respectively, and the categorical forecast was the 

predictand category with the greatest transformed proba-

bility. 

In 1974 (NWS 1974c, Carter and Glahn 1976), 

PEATMOS cloud guidance was implemented for the 12-, 

18-, 24-, 30-, 36-, 42-, and 48-h projections after both 

0000 and 1200 UTC.  Single-station equations were de-

veloped from 5 years of data for about 233 CONUS sites.  

The dependent sample was divided into the now stand-

ard warm and cool seasons.  The predictand was taken 

from the station’s total sky cover observation roughly di-

vided into categories of clear (clear, partial obscuration or 

thin scattered), scattered (scattered), broken (thin bro-

ken, broken, or thin overcast), and overcast (overcast or 

obscured).  Equations were developed simultaneously for 

four binary predictands corresponding to these catego-

ries; for each category, the predictand was equal to 1 if 

that cloud category was reported, and was 0, otherwise.  

The same predictors were included in each of the four 

equations, but the coefficients and constant in each 

equation differed.  The sum of the four probabilities gen-

erated from these equations equaled 1.0; however, the 

raw probabilities were not constrained to be > 0.0 or 

< 1.0.  In the derivation of the equations, both binary and 

continuous predictors were used.  For the 12- and 18-h 

projections, the latest surface observations (0600 or 

1800 UTC) were included as potential predictors.  Model 

predictors included forecasts of atmospheric moisture, 

temperature, stability, and winds; the model fields were 

smoothed by 5- 9- or 25-point smoothers according to the 

model forecast projection.  The sine and cosine of the day 

of the year were also included as climatic variables.  The 

use of observations as potential predictors for 12- and 

18-h projections meant that backup equations with only 

model and/or climatic variables were necessary. 

Categorical forecasts were obtained from the proba-

bilities with the goal of maximizing the percent correct 

forecasts.  Selecting the cloud category with the highest 

probability as the categorical cloud guidance was tried.  

Again the MOS guidance underforecast scattered and 

broken while overforecasting clear and overcast.  A more 

sophisticated solution was designed.  First, the probabil-

ity forecasts for each station were inflated in a manner 

similar to that used for the perfect prog max/min temper-

ature and the PEATMOS wind guidance.  Subsequently, 

the probability forecasts were transformed by an empiri-

cally-derived minimum bias matrix.  Two minimum bias 

matrices were derived for the cool season:  one for the 

0600 and 1200 UTC valid times, one for the 1800 and 

0000 UTC valid times.  The biases were improved with 

only minor changes in the percent correct scores.  The 

PEATMOS cloud probabilities and categorical guidance 

were implemented in December 1974 when the guidance 

was added to the FOUS22 message on the request-reply 

circuit.  While 10-term equations were developed for the 

cool season, 12-term equations were developed for the 

subsequent warm season.   

6.6 Ceiling height and visibility    

After testing MOS techniques to predict ceiling 

height and visibility, Bocchieri et al. (1974) developed the 

first PEATMOS ceiling and visibility guidance for CONUS 

sites.  This first system was implemented in September 

1974 (NWS 1974a).  Unlike clouds, the ceiling and visi-

bility prediction equations were developed by using the 

regionalized-operator approach.  Predictands were valid 

12, 18, 24, and 30 h after 0000 and 1200 UTC.  As with 

clouds, observations of ceiling height and visibility were 

converted to binary variables by using FAA-specified cat-

egories shown in Table 2.  For both ceiling height and 

visibility, five equations were developed simultaneously 

to predict the probability of each category of the event.  

The REEP approach was used; predictors from both the 

6LPE and AT models were screened, and all predictors 

were binary variables.  Observations at the initial model 

time t0 and at t0 + 6 were included as predictors for the 
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12-, 18-, and 24-h projections, and the sine and cosine of 

the day of the year were included to simulate seasonal 

variations.   Both primary and backup equations were de-

veloped.  A categorical forecast was generated by using 

a scoring matrix to transform the initial probability fore-

casts and maximize an NWS verification measure for avi-

ation forecasts.  With this implementation, the ceiling 

height and visibility forecasts were added to the FOUS22 

message.   

Table 2.  Categories used for ceiling height and visi-

bility equations. 
Category Ceiling Height (ft) Visibility (mi) 

1 < 100 < 3/8 

2 200 – 400 1/2 - 7/8  

3 500 – 900 1 – 2 ½ 

4 1000 - 1900 3 – 4 

5 > 2000 > 5 

  
In August 1975 (Carter and Glahn 1976), a new 4-

panel facsimile chart (NWS 1975e) displaying PEATMOS 
winds and categorical cloud forecasts for 12-, 18-, 24-, 
and 30-h projections was implemented.  For the 18- and 
30-h projections, PEATMOS categorical forecasts of 
“flight weather” were added to the chart (Fig. 4).  The 
flight weather categories combined ceiling and visibility 
forecasts (Table 3).  Since the categories shown in Table 
2 did not match those needed for the flight weather cate-
gories, new single-station equations were developed ex-
clusively for this requirement.   
 

Table 3.  Categories of flight weather used for avia-

tion forecasting.  IFR defines instrument flight rules.  

MVFR defines marginal visual flight rules and VFR 

defines visual flight rules. 
Flight Weather 
Categories 

Ceiling Height (cig ht)/Visibility (vis) 
Conditions 

IFR < 1000 ft and/or < 3 mi 
MVFR 1000 ft < cig ht < 3000 ft and/or 3 < 

vis < 5 mi 
VFR 3000 ft  < cig ht and 5 mi < vis 

 

6.7 Probability guidance for thunderstorms and se-

vere local storms        

The prototype system pioneered by Ron Reap and 

Don Foster (Reap and Foster 1979) to predict probability 

of thunderstorms and severe local storms met require-

ments for guidance required by the National Severe 

Storms Forecast Center (NSSFC) and other specialized 

users.  For traditional public and aviation weather fore-

casts, however, these early systems did not meet fore-

caster needs because the valid period of the guidance did 

not match the standard forecast periods.  Yet the efforts 

by Reap and Foster provided a template for dealing with 

remote-sensed meteorological data.  Care and insight 

were required to process these data, but such data sets 

proved very valuable especially when modern radar and 

lightning strike data sets became available.  The complex 

predictors used by Reap and Foster to predict thunder-

storm and conditional severe storm probabilities demon-

strated the value of interactive and linearized predictors 

in the MOS scheme and provided a model for other de-

velopers.  The use of interactive predictors became com-

mon in the 1990’s and 2000’s. 

The first PEATMOS thunderstorm and severe thun-

derstorm probability product was implemented in May 

1973 (NWS 1973d).  The probabilities were instantane-

ous values valid 24 h after 0000 UTC; a facsimile map of 

probabilities was transmitted around 0800 UTC during 

the months of April - September.  These probabilities 

were based on applying the MOS screening regression 

technique to 6LPE and AT model predictors.  Predictors 

included forecasts such as moisture convergence and 

stability indices, as well as the cosine day of the year.  

Predictand data were based on radar reports tabulated 

from 0000 UTC summary maps prepared at NSSFC.  

Only spring (April - June) and summer (July - September) 

data from 1970 and 1971 were used.  The radar activity 

was summarized within grid boxes, approximately 

190 km on a side, and centered on LFM grid points.  For 

the thunderstorm probability, the presence of a convec-

tive echo at 0000 UTC within the box defined the occur-

rence of an event.  For the conditional severe thunder-

storm probability, the occurrence of an intense line echo 

on the 0000 UTC summary map defined the event.  For 

thunderstorms, only one generalized-operator equation 

valid for the entire grid and the complete spring-summer 

season was developed.  For severe thunderstorms, 

equations were developed for the two 3-mo seasons and 

two separate regions (the East-Midwest and the Gulf).   

In July 1973, the Manually Digitized Radar (MDR) 

program was implemented in the NWS Eastern, Central, 

and Southern Regions (NWS 1975a).  The grid now used 

in the radar summary charts was approximately 40 nm on 

a side.  In April 1975 (NWS 1975d), the first MOS proba-

bilities based on using MDR reports as predictand data 

were implemented.  For thunderstorm probabilities, the 

predictand was defined as the occurrence of an MDR 

value of 4 or greater (Video Integrator and Processor 

(VIP) level of 3 or greater) in an MDR block approximately 

75-80 km on a side.  A severe thunderstorm was defined 

as the occurrence in the NSSFC logs of tornadoes, hail 

of ¾ inch diameter or greater, or wind gusts > 50 kts, con-

ditional on an MDR value of 4 or greater in the MDR 

block.  A radar-indicated severe cell within the MDR block 

was also accepted as a severe thunderstorm event.  Oc-

curring 24 h after the initial time of the 6LPE and AT mod-

els, the predictand was defined in a time window of + 3h 

from 0000 UTC.  As before, a generalized-operator equa-

tion was developed for thunderstorms and was valid for 

the 6-mo spring-summer season.  For conditional proba-

bilities of severe weather, regionalized equations for each 

of the 3-mo seasons were developed.  In January 1976 

(NWS 1976b), equations for the January - March season 



 13

were implemented.  Note, however, the thunderstorm 

and severe thunderstorm probabilities, available on fac-

simile during April through September, were only availa-

ble on teletype during the cool season. 

By the convective season of 1977, the PEATMOS 

thunderstorm/severe thunderstorm probability system 

(NWS1977f) had evolved further.  The temporal window 

for the predictand was the period of 12 - 36 h after 

0000 UTC, that is, the predictand was valid + 12 h from 

0000 UTC.  The developmental period for the thunder-

storm convective season was defined as March 15 - Sep-

tember 15.  For severe thunderstorm probabilities, the 

spring and summer season developmental periods were 

modified to be March 15 - June 15 and June 16 - Sep-

tember 15, respectively.  Reap and Foster (1979) had 

also developed a number of innovative predictors by us-

ing thunderstorm relative frequencies obtained from the 

radar data as well as severe local storm relative frequen-

cies computed from NSSFC reports.  These relative fre-

quencies were used to indicate the climatological likeli-

hood of the event in MDR blocks.  In turn, the relative 

frequencies were made interactive with model variables 

by multiplying the relative frequencies with model-pre-

dicted stability indices, thus blending both the synoptic 

situation as well as the climatic likelihood of an event into 

a single predictor.  These interactive predictors were lin-

earized by use of a cubic polynomial transformation that 

essentially provided a “simple” estimate of the probability 

of the event for each MDR grid block.  Other predictors 

included the product of two model variables and the use 

of sophisticated computed variables.  The net result was 

the elimination of the need to develop equations for sep-

arate regions and the improvement of the thunder-

storm/severe thunderstorm guidance.   

6.8 MOS guidance for Alaska  

 Because of the MOS-1974 system design and ar-

chives, PEATMOS guidance for stations in Alaska was 

developed and implemented separately from the CONUS 

guidance.  No trajectory model was run over Alaska, and 

only 6LPE variables and surface observations were avail-

able as predictors.  Observational data were initially avail-

able for 14 Alaskan sites.  

In January 1975, equations to predict the calendar 
day max/min temperature were implemented for the Alas-
kan sites (NWS 1977c).  These equations were devel-
oped for the 0000 UTC and 1200 UTC forecast cycles in 
the same manner first used for the CONUS.  The devel-
opmental data were stratified into cool and warm sea-
sons.  Ten terms were allowed in the equations; for the 
first projection, observations at 0600 or 1800 UTC were 
added as potential predictors.  The guidance was availa-
ble in the FMAK1 teletype bulletin. 

 
By April 1977 (NWS 1977c), guidance for surface 

winds valid 12, 18, 24, 30, 36, 42, and 48 h after the 0000 
and 1200 UTC initial model times was added to the 

FMAK1 bulletin.  Unlike what was done for CONUS sites, 
wind equations were developed for 3-mo seasons 
(spring: March-May; summer: June-August; fall: Septem-
ber-November; and winter: December-February).  Be-
cause of the persistence of weather conditions in Alaska, 
particularly during the colder months, observations at 
0600 or 1800 UTC were used as potential predictors for 
the 12-, 18-, 24-, and 30-h projections.  The inflation pro-
cedure was used to modify the wind speed guidance. 

 
In June 1977 (NWS 1977g), PoP equations were im-

plemented for 6-h periods valid 12-18, 18-24, 24-30, and 
30-36 h after initial model time.  PoP equations for 12-h 
periods were also implemented for the 12-24, 24-36, 
36-48, and 48-60 h projections.  Observations at 0600 or 
1800 UTC were screened as potential predictors for pro-
jections to 24 h.  Development of the 6-h and 12-h PoP 
equations was done simultaneously, as was done for the 
CONUS sites, to enhance consistency among the 6- and 
12-h PoP values.  For instance, equations for the 12-18, 
18-24, and 12-24 PoPs had the same predictors, albeit 
with different coefficients and constants.  However, in a 
radical departure from what was done for CONUS sites, 
these equations were single-station relationships, rather 
than regional, and were based on logistic regression ra-
ther than multiple linear regression.  Moreover, the PoP 
equations for Alaskan sites were developed from the 
same 3-mo stratification of the data used for wind predic-
tion.  By September 1977, logistic regression had been 
used to develop PoF forecast equations, and PoF guid-
ance was added to the FMAK1 bulletin for projections of 
12, 18, 24, 30, 36, 42, and 48 h.  The bulletin was availa-
ble at approximately 0730 and 2000 UTC.   

 
Finally, in the spring of 1979, the last PE-based MOS 

equations were developed and implemented for Alaskan 

sites (NWS 1979c).  The max/min temperature prediction 

equations had been re-derived by stratifying the develop-

mental data into the same 3-mo seasons used for CO-

NUS sites.  A MOS forecast of the calendar day max tem-

perature valid nominally 72 h after 0000 UTC was now 

available.  The wind, PoP, and PoF guidance were gen-

erated by updated forecast equations.  Guidance for 

clouds (opaque sky cover), ceiling height, and visibility 

were added to the FMAK1 message.  Unlike in the CO-

NUS, the equations to produce the probabilities for these 

elements were based on cumulative predictands (for in-

stance, < 0.1 opaque cloud cover, < 0.6 opaque cloud 

cover, or < 1.0 opaque cloud cover), rather than exclu-

sive predictands.  In response to suggestions from the 

Alaska region, equations for clouds, ceiling height, and 

visibility were developed for unique seasonal stratifica-

tions, that is, spring (March-May), summer (June-Au-

gust), fall (September-October), and winter (November-

February).  Finally, the Miller-Best minimum bias model 

(Miller and Best 1978) was used to obtain categorical 

forecasts for these three elements so as to have a bias 

of approximately 1.0, that is, the number of forecasts of 

the event and the number of observations of the event 

would be approximately equal.   
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7.  TRANSITION TO LFM-BASED MOS – THE ELIMI-

NATION OF PEATMOS PRODUCTS 

By 1975, two alphanumeric bulletins contained most 

of the PEATMOS guidance for the CONUS.  The 

FOUS12 message displayed calendar day max/min tem-

perature, PoP, and PoF guidance.  The FOUS22 mes-

sage contained wind, clouds, ceiling height, and visibility 

guidance.  However, in December 1975, a new NWS plan 

for using the LFM and the NMC global model was issued 

(NWS 1975h).  This directive required a significant 

change in the MOS packages:  “The objective with regard 

to the use of forecast models in the future is to work to-

wards a 12- to 48-hour LFM as the primary conterminous 

U.S. guidance model and the 8 Layer Global Model as 

the guidance model for the longer range and the larger 

area forecasts.”  Table 4 shows the planned schedules 

and contents of the revised MOS guidance.  In short, the 

contents of the two bulletins were reversed, and a second 

pair of bulletins designated as “Early” were to be added 

to the MOS operational products. The LFM itself had 

been extended to make forecasts out to 36 h in Decem-

ber 1974 (NWS 1974c) when the conversion of NWS op-

erations to the IBM 360/195 was completed.  By February 

1976, the LFM was making forecasts to the 48-h projec-

tion.  In March 1976, after the radiosonde release time 

was changed to be 20 minutes earlier, the LFM could 

start at 0150 UTC (1350 UTC) and would take about 

75 minutes to run (NWS 1976c).  At this point, the re-

quirement for earlier production of the LFM and LFM-

based MOS guidance could be met.  

Changes in the next several years exceeded even 

the original requirements.  The Early FOUS12 was imple-

mented in February 1976, and significant modifications 

occurred subsequently.  By April 1979, the LFM-based 

guidance message had evolved into the primary MOS 

package, and the “Final” FOUS12 with its mixture of 

PEATMOS and LFM guidance was eliminated.   

The FOUS22 had a checkered history.  The Early 

FOUS22 message was implemented in February 1976, 

but contained only PEATMOS max/min and wasn’t avail-

able until about two hours after the Early FOUS12 had 

been issued.  The Final FOUS22 based on PEATMOS 

equations continued until March 1981 (NWS 1980a) 

when it was replaced by a second transmission of the 

LFM-based FOUS22.  The only difference between the 

first and second transmissions of this FOUS22 was the 

addition of a 72-h max/min forecast based on the K-L per-

fect prog approach, and the second transmission of the 

FOUS22 was eliminated in 1982. 

Because the LFM was phased in over a period of 

years, the availability of archived forecast data for MOS 

developmental purposes was uneven and posed a prob-

lem for MOS developers and users of the guidance.  The 

challenge was met  by developers in  various ways,  and 

Table 4.  Revised NWS requirements for MOS bulletins. 

Times in parentheses refer to 1200 UTC cycle.  

Bulletin Transmission  

Time (UTC) 

Input 

Needed 

Contents 

Early 
FOUS12 

0300 (1500) LFM, 02Z 
obs.  
(14Z obs.) 

 

6- & 12-h 
PoP, PoF, 
clouds, ceil-
ing, visibil-
ity, wind 

 

Early  

FOUS22 

0500 (1700) 6LPE, AT Max/min 

temp. 

Final 

FOUS12 

0600 (1800) 6LPE, AT, 

LFM, 05Z 

obs.   

(17Z obs) 

6- & 12-h 

PoP, PoF, 

clouds, ceil-

ing, visibil-

ity, wind 

 

Final 

FOUS22 

0700 (1900) 6LPE, AT 

06Z obs. 

(18Z obs.) 

Max/min 

temp. 

 

details on individual weather elements in the subsequent 

sections may clarify the evolution of the MOS guidance. 

7.1 Probability of precipitation (PoP) 

The first LFM-based PoPs for the 12-24 h and 24-

36 h projections were available in February 1976 as part 

of the initial Early FOUS12 message.  For the first time, 

6-h PoPs for the 6-12, 12-18, 18-24, and 24-30 h periods 

after both 0000 and 1200 UTC were included.  For 6- and 

12-h PoP equations valid at projections of 24 h or less, 

LFM predictors and observations at t0 + 3 (t0 = initial 

model time of 0000 or 1200 UTC) were used as potential 

predictors.  This marked the first time observations were 

used as predictors in PoP equations.  Regionalized-oper-

ator equations were developed where the regions were 

chosen according to the relationship at stations between 

LFM mean relative humidity forecasts (or precipitation 

forecasts) and the occurrence of measureable precipita-

tion at the station.  Because the LFM archive for the 30- 

and 36-h variables did not begin until early 1975, the de-

velopmental sample of 30- and 36-h variables was insuf-

ficient for the traditional MOS approach.  Instead, when 

the PoP equations for the 24-30 h and 24-36 h periods 

were developed, PEATMOS variables were used as po-

tential predictors.  LFM variables were substituted for 

these predictors when the equations were evaluated op-

erationally. 

The Final FOUS12 was also implemented in Febru-

ary 1976.  The 6-h PoPs were valid for the same periods 

as those found in the early message, though another pe-

riod (30-36 h) was added.  The equations used to predict 

the PoPs valid at projections of 24 h or less were devel-

oped from LFM variables and observations at t0 + 6.  The 

equations for all PoPs valid at projections of greater than 

24 h were identical to the equations used for the “Early” 
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guidance package, except only PEATMOS variables 

were used in the equations.    

Other significant changes to the PoP system were 

implemented in the next 3 years.  Those changes in-

cluded: 

• May 1976 (NWS 1976d) – For the first time, 

equations to predict 6-h PoPs (for example, the 

12-18 and 18-24 h projections) were developed 

simultaneously with equations to predict the 

12-h PoP encompassing that period (for exam-

ple, the 12-24 h projection).  Thus, the three 

equations for a region used the same predictors, 

but the coefficients and constants differed 

among the equations.  This technique enhanced 

consistency, but did not guarantee it. 

• October 1976 (NWS 1976f) – The Final PoP 

guidance for projections out to 24 h was based 

only on LFM variables; PEATMOS equations for 

these projections were unavailable.  Equations 

that generated the 48-60 h PoP from 0000 UTC 

6LPE forecasts now used 60- and 72-h PE var-

iables. 

• April 1977 (NWS 1977d) - PEATMOS equations 

for the 36-48 and 48-60 h PoPs were redevel-

oped from 6LPE variables for use in the Final 

FOUS12. 

• April 1978 (NWS 1978c) – For the first time, all 

equations used to produce the Early FOUS12 

PoPs were developed from LFM forecast varia-

bles.  The 30-36 h, 24-36 h, and 36-48 h PoPs 

were included in the Early guidance package.  

For the Final guidance, a mixture of LFM and 

PEATMOS variables were used for projections 

beyond 24 h.  LFM-based PoPs for the 12-24, 

24-36, and 36-48 h projections were added to 

the Early FOUS22.    

• October 1978 (NWS 1978h) – LFM-based 

48-60 h PoP was added to the Early FOUS22 

message.  For LFM-based PoP equations, ob-

servations as potential predictor were restricted 

to the 6-12 h projection.  The PoP equations re-

quired in the Final FOUS22 for projections be-

yond 24 h were redeveloped from a larger sam-

ple of PE and AT model data.    

7.2 Conditional probability of frozen precipita-

tion/precipitation type   

In February 1976, LFM-based equations to predict 

the conditional probability of frozen precipitation, now 

designated PoF, were implemented for the 6, 12, 18, and 

24-h projections (NWS 1975g).  The guidance for these 

                                                 
2  Threat score or critical success index is defined as 

(H/(F+O-H) where H = no. of correct forecasts of the event, F = 

projections was obtained by using LFM predictors in gen-

eralized-operator equations and was developed in the 

same manner as the system implemented in November 

1972.  Even the 50% values used in the logit regression 

were the same as the ones obtained from 6LPE fore-

casts.  By September 1976, 50% values were available 

from LFM forecasts, and a new set of equations was de-

veloped and implemented for the Early guidance (NWS 

1976e).  The LFM-based PoF values were available in 

the Early FOUS12 issued approximately at 0400 and 

1600 UTC; the PEATMOS PoF values were available in 

the Final FOUS12 issued about 3 hours later.  

An entirely new LFM-based frozen precipitation type 

system was implemented in September 1978 (Bocchieri 

1979, NWS 1978g).  The new system, now known as the 

conditional Probability of Precipitation Type or PTYPE, 

produced probabilities and a categorical forecast for 

three types of precipitation, namely, frozen (snow or ice 

pellets), freezing (freezing rain or freezing drizzle), and 

liquid (rain or drizzle).  A mixture of snow and ice pellets 

was considered frozen precipitation; any other type of 

mixed precipitation was considered liquid.  Other signifi-

cant modifications were included.  For instance, observa-

tions available at t0 + 3 were used as potential predictors 

for all projections, namely, 6, 12, 18, 24, 30, 36, 42, and 

48 h after both 0000 and 1200 UTC.  New “joint” or inter-

active predictors that considered the combined effects of 

various pairs of model variables provided forecast rela-

tive frequencies of snow or freezing rain.  For the first 

time, equations were developed for a maximum of seven 

regions determined by considering the bias for forecasts 

resulting from a one-term joint predictor (850-hPA tem-

perature combined with the boundary layer wet bulb tem-

perature) equation that produced a probability forecast 

for snow.  The developmental regions were subjectively 

determined after considering the bias in these forecasts, 

the relative frequency of the snow event, and the availa-

bility of stations in the developmental sample. 

The last major change implemented in the new PoPT 

system was the generation of a categorical forecast of 

freezing rain, snow, or rain from the probabilities of the 

three precipitation types.  The categorical forecast was 

determined by comparing the probability of freezing rain 

and snow to “threshold” values for the freezing rain and 

snow events.  These thresholds were selected to maxim-

ize threat scores2 for freezing and frozen events while 

maintaining a bias between 1.0 and 1.3.  More will be said 

about the categorical selection in Section 8. 

The new PoPT probability and categorical forecasts 

were added to the Early FOUS12 in the fall of 1978.  The 

no. of forecasts of the event, and O = no. of observations of the 
event. 
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categorical forecasts also were plotted on the PoP fac-

simile chart.  Both the Final FOUS12 and FOUS22 re-

tained the older PEATMOS PoF.  

7.3 Max/min temperatures; 2-m temperatures 
 
The first max/min temperature guidance available in 

the Early FOUS12 and Early FOUS22 was implemented 

in August 1976.  These forecasts were produced by sub-

stituting LFM and LFM Trajectory variables in the PEAT-

MOS equations developed for 3-mo seasons.  Because 

the early guidance was generated at approximately t0 + 4 

(t0 = 0000 or 1200 UTC), no observations were used in 

the modified equations.  The Final guidance remained 

dependent on PEATMOS variables and t0 + 6 observa-

tions for the first two projections.  The deterioration in the 

max/min guidance by using this approach was relatively 

small and was preferable to a lack of guidance at the ear-

lier dissemination time. 

Additional changes occurred in the Final guidance 

package.  In December 1976, 3-mo PEATMOS equations 

for the 72-h max temperature from 0000 UTC were im-

plemented (NWS 1976g), and this max temperature guid-

ance replaced the K-L perfect prog guidance in the Final 

FOUS22.  These PEATMOS equations had been devel-

oped from four seasons of 60-, 72-, and 84-h forecasts 

available from the 0000 UTC run of the 6LPE model and 

was the first operational “medium-range” MOS guidance.    

In May 1977, when the 1200 UTC version of the 6LPE 

model was extended to the 60-h projection, the K-L per-

fect prog approach was used to produce guidance for the 

min temperature valid nominally 72 h after 1200 UTC 

(NWS 1977e).  

In January 1978, the PE model underwent significant 

changes (NWS 1977j) by the addition of a seventh layer 

to the model and the halving of the grid mesh length over 

the entire Northern Hemisphere.  The implementation of 

the 7LPE substantially increased the runtime of the 

model.  The Final FOUS22 guidance package was de-

layed by two hours during the 0000 UTC cycle in order to 

generate the 72-h MOS max temperature forecast.  This 

delay was unacceptable, and in April 1978, the 72-h max 

temperature forecast available in the Final FOUS22 

package reverted to the value generated by the K-L per-

fect prog approach (NWS 1978f).  MOS guidance for pro-

jections beyond 60 h would not be developed again until 

the mid-1980’s and early 1990’s. 

Finally, in early 1978, new LFM MOS equations to 

predict the calendar day max/min temperature were de-

veloped.  For the first time, equations to predict the “sur-

face” temperature (actually, the air temperature at the 

2-m height of the observing instrument) at 3-h intervals 

from 6 to 51 h after 0000 and 1200 UTC were developed 

simultaneously (Carter et al. 1979, NWS 1978f) with the 

max/min temperature forecast equations.  For example, 

the equations for today’s max temperature from 

0000 UTC were developed with the equations for the 6-, 

9-, 12-, …, 24-, and 27-h surface temperatures; the equa-

tions for tomorrow’s min were developed with equations 

for the 27-, 30-, 33-, 36-, and 39-h temperatures; and the 

equations for tomorrow’s max were developed with equa-

tions for the 39-, 42-, 45-, 48-, and 51-h temperatures.  

Equations for the day after tomorrow’s min were devel-

oped independently.   

Several characteristics of this development were 

noteworthy: 

• Ten-term equations were developed for each of 

approximately 230 stations in the CONUS. 

• The simultaneous development in groups en-

hanced, but did not guarantee, consistency 

among the max/min and the 3-h temperatures.  

For instance, the calendar day max temperature 

might be predicted to be less than one of the 3-h 

temperatures during that same 24-h period.  

These inconsistencies were particularly vexing 

during the colder months of the year when 

frontal passages could produce calendar day 

max or min temperatures that did not occur dur-

ing the normal time of day. 

• Observations were used as potential predictors 

for the first two sets of equations. For the first 

time, snow cover available in observations 

transmitted at 1200 UTC was used as a poten-

tial predictor.  This predictor was offered to the 

regression program in response to user com-

plaints about the inability of PEATMOS guid-

ance to lower temperatures appropriately when 

snow cover was present.  Experiments in TDL 

demonstrated that the use of snow cover as a 

binary predictor was helpful, though it did not 

eliminate the problem completely. 

• The use of observations required sets of back-

up equations that only used LFM variables.  

During development of the back-up equations, 

the LFM 2-m temperature analysis valid at 

0000 UTC or 1200 UTC was offered as a poten-

tial predictor.  This predictor was chosen in 

nearly all back-up equations as a surrogate for 

the missing observed surface temperature. 

• Two guidance values were available for the 27- 

and 39-h projections.  Before the guidance was 

transmitted, the two values were averaged to 

give the official guidance value for the projec-

tions.   

• No operational consistency check between the 

calendar day and 3-h temperature values was 

implemented. 

• Comparative verifications showed that the LFM-

based max/min guidance was more accurate 

than the PEATMOS system.     
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On June 1, 1978, the new LFM-based temperature 

guidance became available in the Early FOUS12 for the 

max/min and 3-h temperatures.  The max/min tempera-

ture guidance for projections to 60 h appeared in the 

Early FOUS22.  The PEATMOS max/min temperature 

guidance remained in the Final FOUS22.    

7.4 Surface winds  

The first LFM MOS surface wind guidance was im-

plemented in February 1976 (NWS 1976a) for 6-, 12-, 

18-, and 24-h projections after 0000 and 1200 UTC.  Like 

the PEATMOS system, the equations were single-station 

relationships, contained 12 terms, and were developed 

simultaneously for the u- and v-wind components and the 

wind speed.  For the 6- and 12-h projections, station ob-

servations available at t0 +3 (t0 = initial model time) were 

included in development as possible predictors.  Wind di-

rection was computed from the predicted u- and v-wind 

components; wind speeds were inflated before dissemi-

nation.  Equations were developed for approximately 

230 sites in the CONUS 

As the dependent LFM sample increased, equations 

were developed for the 30- and 36-h projections.  The 

LFM MOS winds for these projections were added to the 

Early FOUS12 bulletin in April 1977 (NWS 1977b).  Anal-

ogously, LFM-based winds for the 42- and 48-h projec-

tions were included in the early bulletin in April 1978 

(NWS 1978b).  The Final FOUS12 contained PEATMOS 

winds until the bulletin was removed from operations in 

April 1979.  

One additional modification to the surface winds was 

made in October 1979.  The developer of the MOS wind 

guidance at that time (John Janowiak) discovered a prob-

lem when single-station equations were developed from 

relatively small samples, and certain predictors were 

highly correlated with each other and with the predictand.  

This problem known as multicollinearity was evident 

when the coefficient for a particular predictor variable was 

meteorologically unreasonable.  When the variable was 

used in the prediction equation, the contribution of that 

variable to the overall forecast was compensated by a 

similar predictor with an unreasonable coefficient of the 

opposite sign.  A minor modification to the regression pro-

gram eliminated the problem, and new cool season equa-

tions were developed and implemented in October 1979 

(NWS 1979d).  After this, MOS developers avoided com-

binations of possible predictors that could lead to multi-

collinearity issues, and imposed stricter limits on the re-

duction of variance that a variable needed to explain be-

fore being included in a regression equation. 

7.5 Cloud amount/ceiling height/visibility 
 
In May 1976, the first LFM-based equations for the 

probability of categories of opaque cloud amount were 

implemented (Carter and Glahn 1976).  These equations 

were single-station relationships that used LFM forecasts 

valid at 6, 12, 18, and 24 h after initial model time t0 as 

potential predictors.  Observations valid at t0 + 3 were in-

cluded as possible predictors for the 6- and 12-h projec-

tions.  The predictands for these equations were now de-

fined in terms of opaque sky cover (Table 5), rather than 

total sky cover used in the PEATMOS system.   

Table 5.  Categories used for cloud amount in the LFM 
and original PEATMOS systems. 

Predictand Cat-
egory 

LFM (tenths of 
opaque cloud 
cover) 

PEATMOS (To-
tal sky cover) 

Clear 0 - 1 Clear, thin scat-
tered, thin bro-
ken, or thin 
overcast 

Scattered 2 - 5 Scattered  

Broken 6 - 9 Broken 

Overcast 10 (or ob-
scured) 

Overcast or 
obscured 

 

Once again, the manner of choosing the categorical 

forecast from the MOS probabilities was modified from 

that used previously in the PEATMOS system.  Now, the 

MOS probabilities were inflated, and the category with 

the largest probability was selected as the best category.  

This approach was applied to both the LFM MOS and 

PEATMOS systems.  The LFM MOS probabilities and 

categorical forecasts were available in the Early FOUS12 

for projections from 6 to 24 h.  The Final FOUS12 contin-

ued to display PEATMOS guidance for projections of 12 

to 48 h.  

By February 1977, a major overhaul occurred in the 

cloud, ceiling height, and visibility prediction systems for 

the LFM MOS and PEATMOS guidance (NWS 1977a).  

The approach of developing single-station prediction 

equations for cloud amount was abandoned.  Instead, 

stations were combined into regions based on the condi-

tional climatology of certain ceiling height categories 

when the LFM boundary layer relative humidity forecast 

was 90% or greater.  These regions were then adjusted 

subjectively for conditional cloud amount frequencies, to-

pography, and synoptic climatology. The regionalized-

operator approach for developing cloud amount equa-

tions eliminated the possibility of stations lacking cloud 

forecasts because the stations were opened part-time or 

were closed.   

In addition, the equations for opaque cloud amount 

and ceiling height categories were developed simultane-

ously.  This approach increased the consistency of the 

cloud amount and ceiling height guidance because the 

same predictors were used in each of the equations for 

the same region and projection, though the coefficients 

and constants varied among categories.  Consistency, 

however, was not guaranteed, that is, a cloud forecast of 
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clear or scattered was possible even when the ceiling 

height guidance did not indicated unlimited conditions.  

Limited ceiling height occurred by definition with broken 

or overcast opaque cloud cover.  The definitions of the 

categories for ceiling height and visibility were also re-

vised (Table 6) after extensive discussions with the NWS 

regions.   

Table 6.  Revised categories used for ceiling height and 
visibility equations in February 1977. 

Category Ceiling Height (ft) Visibility (mi) 

1 <200 < 1/2 

2 200 – 400 1/2 - 7/8  

3 500 – 900 1 – 2 ¾ 

4 1000 - 2900 3 – 4 

5 3000 - 7500 5 – 6 

6 > 7500 > 6 

     

Finally, two new schemes were implemented to pick 

the categorical forecast from the probability guidance.  

For cloud amount, the first part of the selection scheme 

was to compare the sum of the probabilities of clear/scat-

tered with the sum of probabilities of broken/overcast.  

The larger sum was picked as the likely condition, and 

then each of the two probabilities in that group was in-

flated by a specified amount.  At that point, the greater of 

the two numbers indicated the categorical forecast.  A 

bias of 1.0 was the goal.  For ceiling and visibility, thresh-

old probabilities were determined subjectively for each 

category with the goal of obtaining a bias of less than 1.0 

for the lower categories, and a bias of approximately 1.0 

for the higher categories. 

The LFM-based MOS equations to predict clouds, 

ceiling height, and visibility were developed for 6-, 12-, 

18-, and 24-h projections.  The 6-, 12-, 18-, and 24-h LFM 

forecasts, station elevation, and observations at t0 + 3 

were all used as possible predictors.  Back-up equations 

that did not use observations were necessary.  The LFM 

guidance was included in the Early FOUS12 package.  

By this time, the hope was that the early guidance could 

be transmitted at 0300 or 1500 UTC, and the Early pack-

age was often run with t0 +2 observations.   

The complete set of PEATMOS equations for 12-, 

18-, 24-, 30-, 36-, and 48-h projections were redeveloped 

in the 1977 revision.  Observations at t0 + 6 were included 

as possible predictors.  In addition, for the 12-, 18-, and 

24-h projections, LFM variables were included along with 

6LPE forecasts.  Thus, the guidance in the Final FOUS12 

package was neither a complete LFM nor PEATMOS 

product.  Because of operational deadlines, the Final 

package was often run with observations at t0 + 5. 

In April 1978, cloud amount, ceiling height, and visi-

bility guidance for the 30-, 36-, 42-, and 48-h projections 

was added to the Early FOUS12 message (NWS 1978d). 

However, the guidance for these elements and projec-

tions was generated by using LFM variables in the 1977 

PEATMOS equations.  By this time, because of changes 

in the PE model, the Final FOUS12 was not available un-

til t0 + 8 or later. 

7.6 Probability of precipitation amount/categorical 

precipitation amount 

Early in the development of PEATMOS guidance, 

Bob Bermowitz (1975) tested a rudimentary system to 

predict the probability of precipitation amount (PoPA) cat-

egories from PEATMOS variables.  Verification results 

did not justify implementing the system.  However, in Oc-

tober 1977, both LFM MOS and PEATMOS systems to 

predict PoPA were implemented (NWS 1977i) and the 

guidance was added to the appropriate FOUS12 bulletin.  

For the early guidance, probabilities for the categories of 

> 0.25 inches, > 0.50 inches, and > 1.0 inches during the 

12-18 h and 18-24 h projections were available.  These 

probabilities were generated by regional-operator equa-

tions developed from LFM predictors.  Equations were 

developed simultaneously for all the categories for a spe-

cific region and projection.  Regions were based on a 

subjective analysis of the frequency of occurrence of spe-

cific precipitation amounts, given the LFM forecast of the 

amount.  A categorical forecast was included in the bul-

letin.  For PoPA, the categorical forecast was determined 

by using probability thresholds designed to maximize the 

threat score of each category of event, while limiting the 

bias in the forecast to be < 2.0.   

For the final guidance, probabilities were available 

for the same categories and for the same projections; the 

probability for the 24-30 h projection was added, and cat-

egorical forecasts for all three projections were included.  

Guidance was added for the 12–36 h and 36–60 h peri-

ods after 0000 UTC and for the 24–48 h period after 

1200 UTC.  Because 24-h periods contained more heavy 

rain events, the categories of rainfall events were modi-

fied to be:  > 0.25 inches, > 0.50 inches, > 1.0 inches and 

> 2.0 inches.  Model variables from the PE and AT mod-

els were used for projections to 24 h; PE model variables 

were used for projections beyond 24 h.  Regions and cat-

egorical guidance were developed analogously to the 

early guidance scheme, but were based on PEATMOS 

data.  At this time, the Early FOUS12 was available 

around t0 + 3; the Final FOUS12 was available approxi-

mately 3.5 hours later.   

In April 1978, the same probabilities that had been 

added to the Final FOUS12 were included in the Early 

FOUS12.  However, the equations for these additional 

projections and categories were developed from PE var-

iables.  The guidance was generated by using LFM fields 

in PE-based equations.  Notably, by this time, the Final 

FOUS12 was issued 5 hours or more after the early guid-

ance because of the additional time required for execu-

tion of the 7LPE model. 
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7.7 Probability guidance for thunderstorms  

In April 1978, probability forecasts of thunderstorms 

during the 12-24, 24-36, and 36-48 h periods after 0000 

and 1200 UTC were added to the “Early” FOUS12 mes-

sage (NWS 1978e).  The definitions of the thunderstorm 

event and the overall methodology of developing the fore-

cast equations were identical to what was used for the 

12-36 h probabilities in the older PEATMOS system.  

However, the development of the entire package was 

somewhat unusual.  While the 1200 UTC equations were 

new and were developed from LFM variables, the fore-

cast equations implemented at 0000 UTC, including 

equations for the 12-36 h projection, were derived from 

PE data; in operations, LFM forecast variables were sub-

stituted for the PEATMOS data to obtain the guidance for 

the Early FOUS12 bulletin.  By February 1979 (NWS 

1979b), all thunderstorm probability forecasts in the Early 

FOUS12 were generated by equations developed from 

LFM data.  

7.8 Conditional/unconditional probability of heavy 

snow   

Though unavailable in the PEATMOS system, a new 

guidance product to predict the likelihood of heavy snow 

(4 inches or more) in the 12-24 h period after both 0000 

and 1200 UTC was developed and implemented in Octo-

ber 1977 (NWS 1977h).  This product was derived by us-

ing the traditional MOS multiple linear regression ap-

proach.  Only LFM-based variables in continuous and bi-

nary form were used as predictors.  The predictand data 

consisted of 6-h snowfall amounts observed at approxi-

mately 195 stations in the CONUS.  The conditioning 

event was defined as accumulation of 0.1 inches of snow 

or ice pellets during a 12-h period (1200-0000 UTC, 

0000-1200 UTC), and the event was a pure snow event, 

that is, no liquid or freezing precipitation occurred during 

the 12-h period.  The presence of a pure snow event was 

determined by examining present weather reported in 

station observations available at 3-h intervals from 1200 

to 0000 UTC or from 0000 to 1200 UTC.  Once the pure 

snow events were extracted from the dependent sample, 

LFM-based equations to predict the conditional probabil-

ity of snow of 4 inches or greater during the 12-h period 

were developed.  These were regional-operator equa-

tions; regions were determined by considering the rela-

tive frequency of the heavy snow event when the LFM 

prediction of the 12-h precipitation exceeded 0.1 inches.  

In operations, the LFM-based equations predicted 

the conditional probability of heavy snow (PoSH).  By us-

ing the PoP, the PoSH and a weighted probability of fro-

zen precipitation (wt’d PoF) for the same 12-h period, the 

unconditional probability of heavy snow was calculated 

as the product of those three probabilities.  Finally, a cat-

egorical forecast (heavy snow: yes or no) was obtained 

by comparing the unconditional probabilities to thresh-

olds determined subjectively from the developmental 

data.  These thresholds maximized the threat score for 

the heavy snow event while maintaining a bias between 

1.0 and 1.5.  The conditional and unconditional probabil-

ities as well as the categorical forecast were available in 

the Early FOUS12 guidance package, but no PEATMOS 

guidance was developed for PoSH.  

In the fall of 1978, forecast equations needed for the 

PoSH guidance were updated by using two additional 

years of LFM data (NWS 1978i).  The new PoPT system 

provided the conditional probabilities for the pure snow 

event.  

7.9 Re-cap of the early/final LFM-based and PEAT-

MOS guidance bulletins   

In August 1978, NWS1978j, NWS 1978k, and NWS 

1979a summarized the status of the FOUS12 (Fig. 5) and 

FOUS22 bulletins.  The Final FOUS12 represented the 

apex of PEATMOS development.  The Early FOUS12 

represented an evolution in the LFM-based guidance, still 

incomplete since some of the equations needed to pro-

duce the guidance (for instance, PoPA and cloud proba-

bilities) were PEATMOS equations using LFM forecasts 

as input.  By this time as well, the PE model was a 7-layer 

model with half the grid mesh length of the original.  The 

LFM would also undergo modifications, becoming the 

LFM-II in 1979 when a seventh layer was added and the 

original mesh length of 190.5 km was reduced to 127 km.  

By the end of April 1979, the Final FOUS12 was dis-

continued, but the Final FOUS22 remained.  In August 

1980, the 7LPE model was replaced by the Global Spec-

tral Model (NWS 1980a, Sela 1980).  By December 1980, 

the guidance available in the Final FOUS22 proved un-

acceptable to the forecasters.  After appropriate coordi-

nation, the Final FOUS22 was replaced in March 1981 

(NWS 1981a) by the LFM-based MOS guidance found in 

the Early FOUS22, with an added 5th period max/min 

temperature based on the K-L perfect prog approach ap-

plied to the Global Spectral Model (GSM).  Thus, by early 

1981, PEATMOS guidance for the CONUS was com-

pletely terminated.  The PEATMOS guidance for Alaska 

continued by using GSM variables in PEATMOS equa-

tions until an LFM-based package was developed. 

8.  Creating a Categorical Forecast from Probability 

Guidance 

Several probability guidance products generated by 

application of the MOS technique to different NWP model 

have been described.  These probabilities reflected the 

possibility of multiple states of the weather element, for 

example, precipitation or no precipitation; frozen, freez-

ing, or liquid precipitation when precipitation occurs; or 

precipitation exceeding various critical values.  Yet, the 

typical consumer of probability information often desires 

to know whether the event for which a probability is spec-

ified will occur.  As evident from previous discussions, 



 20

TDL tried a number of approaches to select a “best” cat-

egory – “best” in the sense of optimizing a particular ver-

ification score.  Early in MOS development, utility matri-

ces or matrices designed to produce an optimal verifica-

tion score were used to multiply the probability vector be-

fore selecting a “best” category.  Sometimes, the proba-

bility forecasts were inflated, and the category with the 

largest probability was selected as the categorical fore-

cast.   

Rich Crisci (Crisci 1976) described an experiment in 

which he attempted to improve the categorical forecast of 

low visibility conditions by deriving “threshold” probabili-

ties.  The goal was to attain a forecast bias of approxi-

mately 1.0.  Crisci derived his threshold probabilities by 

producing a set of probability forecasts on the dependent 

data from which the forecast equations had been devel-

oped.  He then subjectively selected a first-guess thresh-

old probability for the lowest visibility condition, applied 

that value to the set of probability forecasts, and made a 

forecast of that visibility condition when the probability of 

the condition exceeded the first-guess threshold.  Finally, 

a verification of the categorical forecasts over the de-

pendent sample was made for the lowest visibility condi-

tion.  This process was repeated for multiple guesses of 

possible thresholds until a choice could be made as to 

the threshold that generated a bias of approximately 1.0.  

Next, the probabilities for categories 1 and 2 were com-

bined, and the entire process was repeated to obtain a 

second threshold.  The generation of thresholds in this 

manner continued until thresholds for every category but 

the most common (visibilities of > 5 miles) were devel-

oped.  If the sum of the probabilities never exceeded a 

threshold, then the most common event was selected as 

the categorical forecast.  Crisci found some minor im-

provement in his test, but one can imagine the amount of 

time this subjective process took. 

Bob Miller (Miller and Best 1978) clearly described 

the problem posed by the need for a categorical forecast 

generated from probabilities.  Miller wrote: “A threshold 

probability is a number between zero and one used as a 

cutoff in deciding which event to forecast categorically, 

given a set of forecast probabilities.  The need for thresh-

old probabilities is very basic:  How does one convert a 

forecast probability distribution into a single decision that 

is favorable, or in some way optimum, for a given cus-

tomer’s operation?  In decision theory, this can be done 

by applying a utility function to the forecast probability dis-

tribution.  To many users of weather information, how-

ever, the determination of a utility function is not easy.  

Precise threshold probabilities can substitute for utility 

functions as long as the categorical forecasts match ac-

ceptable decision frequencies, but they are likewise not 

easily derived.”  Miller and Best proposed a general 

threshold probability model (M&B model) that was a func-

tion of the relative frequency of the event, the multiple 

correlation coefficient of the regression equation used to 

produce the probability forecast, and an adjustment term 

that ranged between 0 and the inverse of the multiple cor-

relation coefficient and that was chosen according to the 

desired verification score.  Two specific examples of the 

M&B model were presented, one for obtaining a unit bias 

in the categorical guidance and one for maximizing the 

threat score of the category.  Later, Miller and Best (1981) 

discussed another model (the beta probability density 

function model) that fit a density function to the distribu-

tion of guidance probabilities when the event of interest 

occurred or did not occur.  An algorithm was then de-

signed to pick an appropriate threshold value for maxim-

izing a specific verification score. 

Bob Bermowitz (Bermowitz and Best 1978, 

Bermowitz and Zurndorfer 1979) had worked on develop-

ing threshold probabilities for maximizing the threat score 

of dichotomous events, particularly related to the predic-

tion of quantitative precipitation.  Like Crisci’s work to pre-

dict categorical visibility forecasts with a unit bias, 

Bermowitz described the approach then in vogue as an 

empirical, iterative one:  “On successive passes through 

the dependent data sample, threat scores are computed 

for categorical forecasts made by comparing the actual 

probability forecasts against preselected, incremented 

threshold probabilities.  The procedure is terminated 

when the threat score reaches its maximum value with 

the accuracy of the given increments.  The threshold 

probability associated with that maximum threat score is 

then subjectively evaluated to see if it should be used op-

erationally.  Usually, this involves checking the bias to 

make sure that it is not unacceptably high.  If it is too high, 

a threshold value associated with a lower bias is chosen; 

unfortunately, this usually results in a lower threat score.”  

Bermowitz developed a model based on the climatic rel-

ative frequency of the event and the multiple correlation 

coefficient of the prediction equation; tests on quantitative 

precipitation guidance showed good results, and this 

work became part of the M&B model described above.   

These objective models were incorporated into the 

MOS regression program; if desired, the appropriate 

threshold probabilities were generated when the proba-

bility equations were developed.  Both Bob Bermowitz 

and later Ed Zurndorfer (Zurndorfer 1980) pointed out 

that efficiency alone recommended the use of one of 

these models (M & B, beta, or Bermowitz) to derive the 

probability thresholds needed for categorical guidance.  

By the beginning of the 1980’s, this objective methodol-

ogy for creating thresholds became the norm, and the 

derivation of thresholds by subjective brute force eventu-

ally ended.  Another scheme would come along in the 

early 1990’s.   

9.  Enhancements to LFM MOS – A Long-Lived Prod-

uct   

As noted in Section 7.9, additional work was required 

to complete the LFM MOS guidance package.  During the 
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years from 1979 until 1989, a number of changes were 

implemented in the LFM MOS guidance.  Some of the 

changes were relatively insignificant, though the guid-

ance was improved by the increase in size of the devel-

opmental sample or small adjustments in the procedures 

used to derive equations or categorical thresholds.  Other 

changes, such as the development of an algorithm to es-

timate the daytime max and nighttime min temperature 

from available hourly observations, development of thun-

derstorm probability equations from observations of 

cloud-to-ground lightning strikes, and issuance of a com-

puter worded forecast product, were noteworthy.  The 

LFM itself was operational until February 1996, a span of 

nearly 25 years from inception to removal.   

9.1 Probability of precipitation (PoP) 

In August 1980, a new LFM MOS system to predict 

PoP was implemented for the CONUS (NWS 1980e).  All 

equations in this system were developed from LFM data.  

Equations needed to generate the 6-h PoPs available in 

the FOUS12 message were added for the 42- and 48-h 

projections.  These equations were developed simultane-

ously with the 12-h PoP equation for the 36-48 h projec-

tion.  As done previously, the PoPs for the 12-24 and for 

the 24-36 h projections were developed simultaneously 

with the equations for the two 6-h periods that comprised 

the 12-h period.  The developmental sample for the cool 

season equations for projections of 24 h or less was avail-

able from 1972-73 through 1979-80.  For the 30- and 36-h 

projections, the developmental sample was from 1975-76 

through 1979-80.  For projections greater than 36 h, the 

sample contained data from 1976-77 through 1979-80.  

In addition to LFM forecasts, observations at t0 + 3 were 

used as potential predictors for all equations valid 24 h or 

earlier after initial model time t0 (t0=0000 or 1200 UTC).  

All equations were based on the regionalized-operator 

approach, that is, stations were clustered into regions on 

the basis of subjectively determining how well the LFM 

predicted precipitation events, given the LFM mean rela-

tive humidity or precipitation amount forecasts.  The data 

for all stations in a region were used to determine the 

multiple regression equation.   In all, reports from 233 sta-

tions were used to generate equations. 

While the LFM MOS PoP guidance was displayed in 

the FOUS12 message and the Early FOUS22 bulletin, 

the PoPs in the Final FOUS22 were still using PEATMOS 

equations.  Around the same time in August 1980, the 

7LPE model was replaced by the GSM (Section 7.9).  

Consequently, these PEATMOS equations were using 

GSM forecasts as input.  TDL had tested GSM input in 

PEATMOS equations prior to the GSM implementation, 

and developers were concerned that the Final PoPs 

might be misleading, particularly in Alaska.  A warning 

regarding this potential issue was issued.  The concern 

was well-founded, and in February 1981, the Final 

FOUS22 was converted to contain only LFM MOS PoPs, 

conditional probability of snow, and max/min temperature 

guidance (except for the fifth period K-L perfect prog 

max/min).  In April 1981, new warm season PoP equa-

tions developed exclusively from LFM data were imple-

mented (NWS 1981b).  The approach was analogous to 

that used for the cool season equations, and like the cool 

season equations, additional developmental data were 

available.  The developmental sample for the warm sea-

son equations for projections of 24 h or less was available 

from 1973 through 1980.  For the 30- and 36-h projec-

tions, the developmental sample was from 1975 through 

1980.  For projections greater than 36 h, the sample con-

tained data from 1976 through 1980.   

The last update to the LFM MOS PoP system for the 

CONUS was implemented (NWS 1990) in February 1989 

and April 1989 for the cool and warm seasons, respec-

tively.  Ten years of LFM data (from October 1978 

through September 1988) were available for develop-

ment.  Observational data were available from approxi-

mately 220 stations.  Regionalized-operator equations 

were developed for regions established by a correlation 

analysis between the LFM forecast relative frequency of 

> 0.01 inches of precipitation and the observed relative 

frequency of > 0.01 inches of precipitation.  Station ob-

servations at t0 were included as possible predictors for 

PoP projections of < 24 h.  A maximum of 18 terms was 

allowed in the equations, and equations were developed 

to predict the 48-54 and 54-60 h projections for both cy-

cles.  Testing showed some improvement in the skill of 

this new system relative to the prior one.   

9.2 Conditional probability and categorical guidance 

of precipitation type (PoPT) 

The changes implemented in the LFM-based PoPT 

guidance system in September 1982 (NWS 1982d, Boc-

chieri and Maglaras 1983) represented a major increase 

in the complexity of the probability equations.  In many 

respects, this PoPT system was one of the most sophis-

ticated MOS systems ever implemented and subse-

quently provided ideas about transformation of predictors 

and interactions between two or more predictors that 

were helpful to future MOS developers.  The develop-

ment paralleled that of other LFM MOS upgrades, that is, 

more LFM data were available in the dependent sample.  

A slight, but significant, modification was made to the pre-

dictand definition of freezing rain, namely, freezing rain 

mixed with any other precipitation was defined as a freez-

ing rain event.  In contrast, for the first PoPT system, a 

mixture of freezing rain with another type of precipitation 

was defined as rain.  In the new system, PoPT guidance 

was available for the 6-, 54-, and 60-h projections, in ad-

dition to the 12-, 18-, 24-, 30-, 36-, 42-, and 48-h projec-

tions.  Station observations at t0 + 3 (t0 = 0000 or 

1200 UTC) and the climatic relative frequency of snow or 

freezing rain were possible predictors at all forecast pro-

jections.  This use of observations meant that backup or 
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secondary equations were necessary for all projections.  

The logit curve was used to develop the forecast equa-

tions from predictors selected by screening regression 

since logit regression had no screening capability.  Equa-

tions were derived for regions.  Similarly, the same ap-

proach used in the 1978 implementation to obtain cate-

gorical thresholds was used in this upgrade, namely, sub-

jectively choosing thresholds that maximized the threat 

score while maintaining a bias for the event (freezing rain 

or snow) between 0.9 and 1.1.    

The major enhancement for PoPT occurred in the 

type of predictors used.  In the original PoF system, a 

one-term logit equation was developed from individual 

thermal predictors to estimate the 50% value of snow at 

each station, that is, the value of the thermal field associ-

ated with a 50% likelihood of snow occurring.  In the new 

system, certain thermal variables, namely, the boundary 

layer potential temperature, 850-hPa temperature, 

850-hPa wet bulb temperature, 1000-850 hPa thick-

ness,1000-500 hPa thickness, and 850-500 hPa thick-

ness were transformed or “standardized” by a one-varia-

ble logit curve fit that accounted for the slope or spread 

of the logit curve as well as the 50% value.  The stand-

ardized variable XT equaled:  (X-V50)/S, where X was the 

original variable, V50 represented the 50% value for freez-

ing rain or snow as measured by a one variable logit 

curve, and  S was the spread of the logit curve, that is, 

the difference between the 95 % and the 50% value of 

the logit curve.  The standardized variables were derived 

for each station in the developmental sample.  The sec-

ond complication introduced into the PoPT system was 

the use of interactive predictors that modeled the joint im-

pact of two standardized thermal fields on the probability 

of snow or freezing precipitation occurring.  In tests on 

independent data, Bocchieri and Maglaras found that the 

new system improved over the old, particularly for the 

forecasts of freezing precipitation at projections of 24 h or 

less.  This system continued in operations until the de-

mise of LFM MOS guidance.     

9.3 Max/min temperatures; 2-m temperatures and 

dewpoints 

In April 1980, a major overhaul in the LFM MOS sys-

tem to predict 2-m temperatures was implemented (NWS 

1980c).  For the first time, single-station equations to pre-

dict max/min temperature, 2-m temperature, and 2-m 

dewpoint were developed and implemented for approxi-

mately 230 stations.  The predictands were calendar day 

max/min temperatures valid nominally at 24, 36, 48, and 

60 h after initial model time (t0) of 0000 and 1200 UTC; 

2-m shelter temperatures valid every 3 h from 6 to 51 h 

after t0; and 2-m shelter dew point valid every 3 h from 6 

to 51 h after t0.  All developmental data were stratified into 

3-mo seasons of spring (March – May), summer (June – 

August), fall (September – November), and winter (De-

cember – February) for all projections, unlike what was 

done in the first LFM MOS development.  Regression 

equations were developed simultaneously for the follow-

ing five groups: 

• 6-, 9-, and 12-h temperatures and dewpoints; 

• 12-, 15-, 18-, 21-, and 24-h temperatures and 

dewpoints along with today’s max temperature 

(0000 UTC cycle) or tomorrow’s min tempera-

ture (1200 UTC cycle); 

• 24-, 27-, 30-, 33-, and 36-h temperatures and 

dewpoints along with tomorrow’s min tempera-

ture (0000 UTC cycle) or tomorrow’s max tem-

perature (1200 UTC cycle); 

• 36-, 39-, 42-, 45-, 48-, and 51-h temperatures 

and dewpoints along with tomorrow’s max tem-

perature (0000 UTC cycle) or day after tomor-

row’s min temperature (1200 UTC cycle); and 

• day after tomorrow’s min temperature 

(0000 UTC cycle) or the day after tomorrow’s 

max temperature (1200 UTC cycle). 

 

Unlike the PEATMOS development of max/min tem-

perature equations, no trajectory model predictors were 

used in equation development; LFM predictors from the 

model’s boundary layer were also eliminated.  The latter 

decision was made to insulate the MOS guidance from 

changes proposed to the LFM.  Up to 12 predictors were 

allowed for equations in the first four groups; a maximum 

of ten predictors was allowed for equations in the fifth 

group. Station observations at t0 + 3 were included as po-

tential predictors for the first three groups.  For the 

0000 UTC development, station observations of the 2-m 

temperature at t0 – 3 and t0 were added as possible pre-

dictors to capture the persistence of late afternoon tem-

peratures from one day to the next.  For the 1200 UTC 

development, station observations of the 2-m tempera-

ture and snow cover were included in the potential pre-

dictor list to simulate persistence of conditions affecting 

early morning temperatures.  As done previously, the 

LFM analyzed 2-m temperature at t0 served as a potential 

predictor and surrogate observation when actual obser-

vations at a station were missing. 

Guidance for dewpoint was added to the FOUS12 

message at this time.  Thus, max/min temperature fore-

casts were available for three periods in the message, 

while all the temperature and dewpoint guidance from 6 

to 51 h were included.  Two values were available for the 

12-, 24-, and 36-h projections of both temperature and 

dewpoint; the two values were averaged for inclusion in 

the message.  In addition, while the simultaneous deriva-

tion of equations increased the likelihood of consistent 

temperatures and dew points, the possibility of the dew-

point exceeding the temperature at the same projection 

still existed.  In that case, the temperature and dewpoint 

were averaged so that the resulting guidance in the 

FOUS12 indicated 100 % relative humidity.  Finally, the 

first period max (or min) temperature was compared to 
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the hourly temperature values from 6 to 27 h after t0.  If 

the max (min) temperature was less (greater) than any of 

those values, the max (min) was set equal to the greatest 

(least) temperature value.  Analogous checks were not 

done for the second or third period max/min tempera-

tures. 

In the fall of 1984, consistency checks between 

max/min temperatures and temperatures at specific 

hours were modified.  For the 0000 UTC forecast cycle, 

the value for today’s max temperature was compared to 

3-h temperature values from 6 to 30 h after 0000 UTC.  If 

the max temperature was less than any 3-h values, the 

original max temperature was replaced by the maximum 

of the 3-h values.  The value for tomorrow’s min temper-

ature was compared to 3-h temperature values from 30 

to 51 h after 0000 UTC.  If the min temperature was 

greater than any 3-h temperature, then the min tempera-

ture was replaced by the minimum of the 3-h values.  Fi-

nally, if the max temperature guidance for tomorrow was 

less than any of the 3-h values for the 30- to 51-h projec-

tions, then the max temperature was replaced by the 

maximum of the 3-h values.  For the 1200 UTC forecast 

cycle, analogous checks were made between tomorrow’s 

min and max temperature forecasts and the 3-h temper-

atures for the 18- to 42-h projections. 

One of the most significant changes made to the 

MOS max/min temperature guidance was implemented 

in the 1200 UTC forecast cycle on November 25, 1985 

(Erickson and Dallavalle 1986, NWS 1985b) when equa-

tions to predict max temperatures for the daytime period 

and min temperatures for the nighttime period were im-

plemented.  Since the introduction of MOS max/min guid-

ance in 1973, the MOS max/min temperatures had been 

valid for calendar day periods despite the fact that NWS 

forecasters predicted max/min values for day-

time/nighttime periods.  Since the calendar day extremes 

did not always occur at the “normal” time (middle to late 

afternoon for the max, and early morning to near sunrise 

for the min), the MOS guidance was sometimes difficult 

to interpret.  Beginning in 1981, the NWS Line Forecast-

ers Technical Advisory Committee (LFTAC) had annually 

recommended that max/min guidance be developed for 

daytime/nighttime periods.  In fact, Erickson and Dalla-

valle (1986) had found that during October to March, ap-

proximately 10 % of calendar day max temperatures oc-

curred near midnight.  Nearly 25 % of calendar day min 

temperatures occured near midnight of the second even-

ing, rather than around sunrise of the appropriate over-

night period.  During April to September when the effects 

of the sun are much stronger, approximately 5 % of cal-

endar day max temperatures and 15% of calendar day 

min temperatures did not occur at the “normal” time.   

Clearly, LFTAC’s concerns were valid.  Two prob-

lems existed in finding a solution.  First, station observa-

tions of max/min temperature did not correspond to local 

daytime/nighttime periods, but to intervals specified by 

the UTC clock.  Secondly, no definition of daytime and 

nighttime existed in NWS policies, and an appropriate 

definition was needed for the CONUS, the four seasons, 

and a latitude variation of 24 degrees.  MOS developers 

had two tasks, then, to develop a daytime/nighttime pre-

dictand for MOS development purposes.  Based on dis-

cussions with NWS personnel and internal perceptions of 

daytime and nighttime, daytime was defined as 9 a.m. – 

7 p.m. Local Standard Time (LST) and nighttime as 

7 p.m. – 9 a.m. LST during October through March (cool 

season).  During April through September (warm sea-

son), daytime was defined as 8 a.m. – 7 p.m. LST, and 

nighttime as 7 p.m. – 8 a.m. LST.  From this definition and 

observations of calendar day extrema and 3-h tempera-

ture values, an algorithm was developed to estimate the 

daytime max and nighttime min from available observa-

tions.  The algorithm accepted the reported calendar day 

value if the 3-h temperature observations indicated oc-

currence during the daytime/nighttime period.  Otherwise, 

a simple one-term regression equation was applied to the 

highest (or lowest) 3-h temperature during the daytime 

(nighttime) period to estimate a daytime max (nighttime 

min).  Equations were developed from 3 years of data for 

each of the four time zones in the CONUS, for both cool 

and warm seasons, and for both the daytime max and 

nighttime min.  Generally, these equations changed the 

extreme 3-h temperature by no more than + 2 degrees.  

Now the appropriate predictand data and the necessary 

equations could be developed. 

With minor modifications, the developmental pro-

cess was essentially the same as used in the LFM MOS 

temperature and dew point implementation of 1980.  The 

developmental sample was increased to be 7 or 8 years 

for each of the standard 3-mo seasons.  Observations 

were only included as possible predictors for the first two 

groupings below.  A slight modification was made so that 

regression equations were developed simultaneously for 

the following five groups: 

• 6-, 9-, 12-, and 15-h temperatures and dew 

points; 

• 15-, 18-, 21-, 24-, and 27-h temperatures and 

dewpoints along with today’s max temperature 

(0000 UTC cycle) or tonight’s min temperature 

(1200 UTC cycle); 

• 27-, 30-, 33-, 36-, and 39-h temperatures and 

dewpoints along with tonight’s min temperature 

(0000 UTC cycle) or tomorrow’s max tempera-

ture (1200 UTC cycle); 

• 39-, 42-, 45-, 48-, and 51-h temperatures and 

dewpoints along with tomorrow’s max tempera-

ture (0000 UTC cycle) or tomorrow night’s min 

temperature (1200 UTC cycle); and 

• tomorrow night’s min temperature (0000 UTC 

cycle) or the day after tomorrow’s max temper-

ature (1200 UTC cycle). 
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In operations, the two temperature (or dew point) val-

ues for the 15-, 27- and 39-h projections were averaged 

for the guidance.  Consistency checks were also built so 

that the max (or min) values for the second, third, and 

fourth groups above were checked with the 3-h tempera-

tures within that group.  From a strict point of view, these 

latter checks should be based on time zone and season 

of the year, but that modification was not feasible.  The 

user community never objected, and this system existed 

until the demise of the LFM MOS guidance nearly 10 

years later.        

9.4 Surface winds 

In June 1980, equations to predict surface wind for 

CONUS sites were updated (NWS 1980d).  While the 

procedures were essentially identical to previous devel-

opments, the LFM sample used for development was 

modified to include data from April 1975 to September 

1979 for the 6-, 12-, 18-, 24-, 30-, and 36-h MOS guid-

ance.  Data from April 1976 to September 1979 were 

available for derivation of the 42- and 48-h LFM MOS 

equations.  Single-station equations were derived for ap-

proximately 235 stations; operational requirements re-

sulted in generalized-operator equations being devel-

oped for another 35 sites lacking adequate observations 

for derivation of station-specific equations.  The LFM 

MOS wind guidance was available in the FOUS12 mes-

sage issued around 0345 and 1615 UTC daily; wind di-

rection and speed for the 12-, 18-, 24-, and 30-h projec-

tions for a subset of stations were plotted on a map of the 

CONUS issued on facsimile and on the NWS AFOS (Au-

tomation of Field Operations and Services) system.  

A more significant change occurred in October 1980 

and May 1981 when revised wind equations were imple-

mented for the cool and warm seasons, respectively.  

Janowiak (1981) had demonstrated that LFM forecasts of 

boundary layer winds and surface pressure could be 

eliminated as predictors from the wind equations without 

any significant change in the quality of the MOS guid-

ance.  At the time, TDL developers were concerned that 

proposed modifications to the LFM might have significant 

impact on the characteristics of the winds in the boundary 

layer.  These new equations eliminated all boundary layer 

and surface pressure variables (NWS 1982a). 

An update to the LFM MOS cool season equations 

was implemented prior to the 1983-84 cool season 

(Carter et al. 1984, NWS 1983e); new warm season 

equations were implemented prior to the 1984 warm sea-

son (Carter et al. 1985, NWS 1985a).  Other than the ad-

dition of more developmental data, these equations were 

essentially updates of the ones implemented in 1980 and 

1981.  Single-station equations were available for ap-

proximately 260 sites; guidance for seven sites was gen-

erated by regionalized-operator equations.  These last 

two updates supported the LFM MOS wind guidance sys-

tem for the CONUS until the LFM was eliminated.    

9.5 Cloud amount/ceiling height/visibility/obstruc-
tion to vision 

 
In April 1980, LFM MOS guidance for probabilistic 

and categorical forecasts of non-precipitating obstruc-

tions to vision was added to the FOUS12 for 233 CONUS 

sites.  Given that precipitation was not observed at a sta-

tion, predictand categories were defined as haze or 

smoke; blowing snow, sand, dust, or spray; fog or ground 

fog; and no obstruction to vision.  Predictors included 

LFM variables; observations at t0 + 3; station latitude, lon-

gitude, and elevation; first and second harmonics of the 

day of the year; and station relative frequency of ceiling 

< 1500 feet and/or visibility < 3 mi.  Regionalized-operator 

equations were developed from a 4-year sample for both 

warm and cool seasons.  Because of the persistence of 

low visibility conditions and the difficulty of predicting ob-

structions to vision with no indication of the state of the 

underlying surface (for instance, recently fallen snow, 

newly plowed fields in the vicinity of the station, or ground 

fog), station observations were used as possible predic-

tors at all forecast projections, namely, at 6, 12, 18, 24, 

30, 42, and 48 h after the initial model time of 0000 UTC 

or 1200 UTC.  Categorical forecasts were made by using 

thresholds computed from the M & B unit bias model and 

comparing those thresholds to cumulative probabilities of 

the predictand categories. 

New LFM MOS systems (NWS 1981c) to predict 
cloud amount (opaque sky cover), ceiling height, visibility, 
and non-precipitating obstructions to vision were imple-
mented in June 1981 (Carter et al. 1982a) and October 
1981 (Carter et al. 1982b) for the warm and cool seasons, 
respectively.  Changes included:  addition of guidance for 
54- and 60-h projections, use of LFM data for develop-
ment of all equations, an improved threshold technique 
for the categorical cloud guidance, simultaneous devel-
opment of visibility and obstruction to vision equations to 
enhance guidance consistency, better developmental re-
gions, and larger developmental samples.  Regionalized-
operator equations were developed for all four elements; 
the regions were derived by looking at conditional climatic 
frequencies of specific ceiling and visibility conditions.  A 
maximum of 20 terms was allowed in the prediction equa-
tions.  Potential predictors included the same variables 
used in the April 1980 development of guidance for ob-
struction to vision.  For categorical forecasts, the thresh-
old probability technique was used; appropriate thresh-
olds were obtained by the M & B model.  A unit bias in 
the MOS guidance was the goal for cloud amount, ob-
struction to vision, and categories 3 through 6 of ceiling 
height and visibility.  To provide better warning for cate-
gories 1 and 2 of ceiling height and visibility, thresholds 
for these latter categories were designed to maximize the 
threat score of each while allowing the bias to range be-
tween 0.7 and 1.3.  The guidance was available in the 
FOUS12 for approximately 235 CONUS sites for the 6- 
through 48-h projections.  The four-panel facsimile chart 
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that displayed the “flight weather” guidance was obtained 
directly from the six-category ceiling/visibility guidance.  

 
The ceiling height, visibility, and obstruction to visi-

bility guidance systems remained the same until LFM 
MOS was discontinued.  However, new equations for 
cloud amount guidance were implemented in February 
1988 (NWS 1988).  Unlike some of the previous develop-
ments, the cloud amount equations were once again de-
veloped independently of those used for ceiling height.  
While this change increased the possibility of guidance 
inconsistencies between categorical clouds and ceiling 
height, the benefits to the cloud amount system included 
the elimination of LFM precipitation amount as a continu-
ous predictor but retention of precipitation amount as a 
binary predictor.  Moreover, station observations as pos-
sible predictors were restricted to projections of 24 h or 
less.  The developmental sample was defined as the April 
1979 through September 1987 period, thus providing 8 
seasons of dependent data for the cool season, and 9 
seasons of data for the warm season.  The categorical 
guidance was obtained from the probabilities by using the 
M & B threshold probability model and a desired categor-
ical bias of 1.0.  In testing on independent data, the new 
guidance produced better skill scores than the older set 
of equations.  By this time, only 204 CONUS stations in 
the long-lived NCDC archive provided reliable observa-
tions.  However, because the prediction equations were 
based on the regionalized-operator approach, guidance 
was issued for approximately 310 sites in the FOUS12 
message for the 6- through 48-h projections.  Guidance 
for the 54- and 60-h projections was used in the sunshine 
prediction product (Jensenius 1988) and in computer-
worded forecast products (NWS 1983f). 

 
9.6 Probability of precipitation amount (PoPA)/cate-
gorical precipitation amount 

 
As mentioned earlier, some of the equations used to 

generate the LFM MOS precipitation amount guidance 

when the Final FOUS12 was removed in April 1979 had 

been developed from PEATMOS predictors.  To produce 

the Early FOUS12, LFM variables were substituted for 

the PEATMOS quantities.  In April 1980, a new MOS 

quantitative precipitation forecast system derived entirely 

from LFM variables and the first and second harmonics 

of the day of the year was implemented (NWS 1980b).  

The dependent sample for this system was a significant 

expansion of samples used previously.  LFM predictors 

for 0 to 24 h, for 30 to 36 h, and for 42 to 48 h were avail-

able from October 1972, April 1975, and February 1976, 

respectively, through September 1979.  Optimally, MOS 

developers wanted samples from the same period for all 

projections, but for LFM MOS the benefit to the MOS 

guidance of longer, inconsistent samples outweighed the 

benefit of short, consistent samples.  Regionalized-oper-

ator equations were developed for PoPA; the regions 

were subjectively determined by considering the relative 

frequency of precipitation amount events. 

 

Other changes were made.  The PoPA guidance for 

24-h periods was removed from the FOUS12 and was 

replaced by 12-h PoPA guidance for projections of 12-24, 

24-36, and 36-48 h after both 0000 and 1200 UTC.  Cat-

egories for these 12-h periods were identical to the pre-

cipitation amount categories used for 24-h intervals, 

namely, > 0.25, > 0.50, > 1.00, and > 2.00.   The PoPA 

guidance for 6-h periods was valid for 6-12, 12-18, 18-24, 

24-30, and 30-36 h after both 0000 and 1200 UTC.  The 

36-42 h period was added for the 0000 UTC cycle only.  

Categorical guidance was also included in the FOUS12 

message.  The categorical forecasts were determined 

from the probabilities by using thresholds designed to 

maximize the threat score.  Previously chosen subjec-

tively, these thresholds were computed objectively by us-

ing the Bermowitz and Best technique (one of the subcat-

egories of the M & B model discussed in Section 8).  

9.7 Probability guidance for thunderstorms  
  
One of the more significant LFM MOS implementa-

tions occurred in the spring of 1983 for the thunderstorm 

probabilities valid 12-24, 24-36, and 36-48 h after 0000 

and 1200 UTC.  For the first time, the thunderstorm guid-

ance was available for the entire CONUS (NWS 1983d), 

rather than just the eastern half.  The MDR data for the 

western U.S. had become available in 1978, and the 

same techniques used to develop LFM MOS equations 

for the eastern U.S. were applied to the west.  Beam 

blockage due to mountains caused holes in the western 

radar coverage, but that issue was resolved by eliminat-

ing certain MDR grid blocks from inclusion in the regres-

sion analysis.  No new equations were developed for the 

eastern sector.  Consequently, the developmental LFM 

sample for the eastern and western CONUS were signif-

icantly different, and the expectation was that the bound-

ary between the guidance for the eastern and western 

sectors would show significant discontinuities.  A spatial 

smoother was applied along the boundary to eliminate 

apparent issues.  Guidance from the MOS thunderstorm 

probability system was now available in the FOUS12 

message for all stations in the CONUS, regardless of 

their location. 

A landmark implementation occurred in June 1986 

when new 6-h thunderstorm probability forecasts for the 

western CONUS became operational (NWS 1986).  

While the immediate impact of the guidance seemed 

small, the implications of the work were far-reaching.  

Ron Reap, who developed both the PEATMOS and LFM 

MOS thunderstorm guidance systems from MDR data, in-

vestigated the feasibility of using lightning strike location 

information from lightning direction-finding stations in the 

western U.S.  Ron (Reap 1986) had obtained from the 

Bureau of Land Management (BLM) an archive of over 

two million cloud-to-ground lightning strike locations for 

the western U.S.  The strikes were from the summer sea-

sons (mid-June through mid-September) of 1983-84.  
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Ron also had archives of MDR and satellite estimates of 

cloud-top infrared temperature and maximum visible 

brightness values.  By statistically analyzing the three da-

tasets, Ron established that the geographical positions of 

daily lightning frequency corresponded well with topogra-

phy and with conventional climatic seasonal relative fre-

quencies of thunderstorms.  However, the lightning data 

also revealed that approximately 41 % of  lightning strikes 

occurred when no radar echoes were reported.  Moreo-

ver, 87 % of the strikes associated with radar echoes oc-

curred when the reported radar intensity value was less 

than VIP3, that is, the minimum value assumed to be as-

sociated with thunderstorms in the eastern CONUS.  

These two statistics alone indicated that using MDR re-

ports as predictands in a statistical system significantly 

underestimated the occurrence of thunderstorms in the 

western CONUS.  Two important conclusions resulted:   

• lightning frequencies could be used as climatic 

predictors in the derivation of thunderstorm 

probability guidance to highlight spatial and tem-

poral detail;  

• lightning strike data used as predictands in a 

statistical system could lead to significant im-

provements in thunderstorm forecasting. 

 
The thunderstorm probability guidance described in 

NWS 1986 was an important first step in demonstrating 

the value of the lightning location data.  Probabilities for 

the 0–6 h, 6–12 h, 12–18 h, and 18–24 h periods were 

generated for a grid approximately 47 km on a side and 

covering the western U.S.  The predictand used for the 

regression analysis was defined to be the occurrence at 

any hour during the appropriate 6-h period of two or more 

lightning strikes in a grid block.  Predictors included vari-

ous fields from the LFM and LFM-based trajectory model.  

Developmental data covered the three summer seasons 

of 1983-85.  Twelve-term equations were derived for 

each of the four forecast projections, and the same pre-

dictors were used in each of the equations to enhance 

consistency among forecast projections.  One of the most 

important predictors in the equations was the linearized 

KF term where K was the predicted K-index from the LFM 

and F was the daily climatic lightning frequency for each 

of the 6-h periods.  Thus, F represented the number of 

strikes per day in a specific 47-km block.  The KF variable 

represented the large-scale flow and attendant instability 

(K index) interacting with underlying topographical influ-

ences.  While these probabilities were not displayed in an 

alphanumeric message like the FOUS12 bulletin, the 

data were sent to forecast offices via AFOS in a packed, 

gridded format.  Ron Reap had worked with others to de-

velop local software to unpack and display the probabili-

ties on an AFOS screen.  Ron continued work with both 

Don McGorman (Reap and MacGorman 1989) and with 

Richard Orville (Reap and Orville 1990) to establish the 

credibility and utility of the lightning detection network.  

While Reap developed other regional forecast products 

in the late 1980's and early 1990's, the lightning data 

were not fully integrated into the MOS system until the 

2000's.   

9.8 Conditional and unconditional probability of 
snow amount (PoSA)/categorical snow amount 

 
First implemented in October 1977, the LFM MOS 

system to predict heavy snow (PoSH) underwent major 

revisions in the fall of 1982 (Bocchieri 1983, NWS 1982c).  

Categorical breakpoints were redefined (> 2 inches, 

> 4 inches, and > 6 inches) for development of forecast 

equations.  The snow amount predictand was conditional 

upon the occurrence of a pure snow event (precipitation 

was exclusively snow and/or ice pellets) during the 12 – 

24 h period after 0000 or 1200 UTC.  Observations used 

to determine the pure snow event were restricted to ob-

servations of precipitation at 3-h intervals (for example, 

1200, 1500 1800, 2100, and 0000 UTC) and 6-h snowfall 

reports.  The new conditional PoSA equations were de-

veloped from nine winter seasons (October – March, 

1972-73 through 1980-81) of LFM data.  As in other LFM 

MOS systems of this era, LFM boundary layer forecasts 

were eliminated as potential predictors.  Predictor varia-

bles were either unsmoothed or smoothed by a 9-point 

filter, and were available as either continuous or binary 

quantities.  Regionalized-operator equations (12 terms or 

less) were developed by application of the REEP screen-

ing technique.  These regions were determined after de-

veloping generalized-operator equations, using the equa-

tions to make forecasts on the dependent sample, and 

calculating the overall bias of those forecasts at individual 

stations.  Subjective modifications to the regional bound-

aries were also made according to station density and 

relative frequency of the snow event.   

Unconditional probabilities were obtained in the 

same manner as the original system, namely, by multi-

plying the conditional PoSA for a category by the appro-

priate 12-h PoP and the weighted probability of a pure 

snow event during the 12-h interval.  On the dependent 

data, the unconditional PoSA were used to determine 

threshold probability values by using the subjective itera-

tive technique.  In this particular application, the goal was 

to find thresholds that maximized the threat score of a 

specific category but limited the forecast bias of that 

event to be < 1.3.  Thresholds were applied by comparing 

the unconditional PoSA for the lowest amount category 

to the threshold probability for that category.  If the PoSA 

exceeded the threshold, then the process was repeated 

for the next category, and was continued in the same 

stepwise manner until the threshold for a specific cate-

gory was not exceeded.  If no threshold was exceeded, 

then the categorical forecast was for < 2 inches of snow.  

If all thresholds were exceeded, then the categorical fore-

cast was for > 6 inches of snow.   The conditional PoSA, 

the unconditional PoSA, and the categorical guidance 

were added to the FOUS12 message in the fall of 1982. 
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9.9 Guidance for Alaska 

 
When the 7LPE model was replaced with the GSM 

in August 1980, LFM MOS equations for Alaska were un-

available.  The operational system was maintained by 

substituting GSM fields in PEATMOS equations, but the 

MOS guidance deteriorated.  In September 1982, a new 

LFM MOS guidance package containing 6- and 12-h 

PoPs, conditional probability of frozen precipitation, 

max/min temperature, 2-m temperatures, 10-m winds, 

and cloud amount (opaque sky cover) was implemented 

and disseminated in the FMAK1 message (NWS 1982b).  

While basic techniques for developing Alaskan guidance 

imitated those for the CONUS, changes were made in the 

seasonal stratification of the developmental data, in the 

forecast projections, and in use of observations as pre-

dictors.  The differences between the Alaskan and CO-

NUS guidance were done after extensive coordination 

with Alaska Region Headquarters and with U.S. Air Force 

liaison officers stationed in TDL.  Table 6 lists the major 

developmental characteristics for the new Alaskan guid-

ance. 

The changes shown were significant and conformed 

to the needs of the Alaskan forecasters and user commu-

nity.  Other changes were somewhat less important.  The 

developmental sample consisted of LFM forecast data 

from September 1977 through October 1981, providing a 

consistent dependent dataset for all projections.  The use 

of observations as potential predictors for most projec-

tions reflected the importance of persistence in predicting 

weather conditions in Alaska.  The simultaneous devel-

opment of equations for max/min and hourly tempera-

tures was adjusted from that used in the CONUS.  Pro-

jections for the 12-h PoPs were modified to reflect peri-

ods closer to “day” and “night” in Alaska, that is, from 

1800 to 0600 UTC and from 0600 to 1800 UTC, respec-

tively.  For PoF, the definition of frozen corresponded to 

the original definition used in the PEATMOS system, that 

is, snow or ice pellets not mixed with any other type of 

precipitation.  Freezing rain, mixed precipitation, or rain 

were considered liquid.  Unlike in the CONUS, PoF guid-

ance in Alaska was valid year-round.  Development of the 

Alaskan PoF equations utilized transformations of LFM 

thermal variables such as the 850-wet bulb temperature 

and the boundary layer potential temperature.  The trans-

formation used was identical to the one used for the CO-

NUS equations (Section 9.2).  However, the Alaskan PoF 

equations were developed by multiple linear regression 

and not by the logit procedure.  For cloud amount, the 

predictand and predictors were nearly identical to those 

used for the CONUS guidance, except that observations 

were included as potential predictors out to 54 h.  In the 

case of the Alaska cloud amount guidance, the beta 

model was used to obtain threshold probabilities for the 

categorical forecasts with a desired bias near 1.0. 

 
Table 6.  Major developmental characteristics for the 
LFM MOS Alaskan system implemented in September 
1982.  Observations at t0 + 3 (t0 = 0000 or 1200 UTC) 
were used as predictors at all forecast projections except 
those in bold print.  Observations were not used as pre-
dictors during the 1200 UTC cycle for the temperature 
projections in italics. 

Guidance Ele-
ment 

Seasonal 
Stratification 

Forecast 
Projections 
(h) 

Probability of pre-
cipitation – PoP 
Regionalized 
equations 

Fall:  Sept. – 
Oct. 
Winter:  Nov. – 
Mar. 
Spring:  Apr. – 
May 
Summer:  June 
– Aug. 

6-h periods 
ending at: 
12, 18, 24, 
30, 36, 42, 
48, and 54 h 
after t0; 
12-h periods 
ending at:  
18, 30, 42, 
and 54 h af-
ter t0 

Cond. prob. of fro-
zen precip. (PoF) 
Regionalized 
equations 

Cool:  Nov. – 
Mar. 
Warm:  Apr. – 
Oct.  

Cool:  12, 
18, 24, 30, 
36, 42, 48, 
and 54 h af-
ter t0; 
Warm:  12, 
18, 24, 30, 
36, 42, 48, 
and 54 h af-
ter t0 

Calendar day 
max/min temp. 
Single-station 
equations 

Same as PoP 0000 UTC:  
today’s max, 
tmrw.’s min, 
tmrw.’s max, 
day after 
tmrw.’s min; 
1200 UTC:  
tmrw.’s min, 
tmrw.’s max, 
day after 
tmrw.’s min, 
day after 
tmrw.’s max 

2-m Temperature 
Single-station 
equations 

Same as PoP 12, 18, 24, 
30, 36, 42, 
48, 54 h af-
ter t0 

10-m Surface wind 
Single-station 
equations 

Same as PoP 12, 18, 24, 
30, 36, 42, 
48, and 54 h 
after t0 

Prob. of cloud amt. 
(opaque) 
Regionalized 
equations 

Same as PoP 12, 18, 24, 
30, 36, 42, 
48, and 54 h 
after t0 

 
 

When the guidance was implemented in September 

1982, FMAK1 was expanded from 14 to 30 stations.  Fig-

ure 6 shows a sample FMAK1 message.  At the same 
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time, PEATMOS aviation weather guidance was elimi-

nated.  In February 1984, a new aviation weather mes-

sage (FMAK2) was implemented for the same 30 sites, 

and contained probability forecasts for ceiling height, vis-

ibility, and obstructions to vision (NWS 1984).  

9.10 Computer-worded forecasts  
 

In 1976, Bob Glahn assessed progress made in au-

tomating public weather forecasts (Glahn 1976).  Besides 

reviewing MOS operational guidance, the development of 

computer-worded forecasts (CWF) was reviewed.  The 

CWF designed to support the public weather forecast is-

sued around 0900 UTC covered three forecast periods 

(today, tonight, and tomorrow), and had sufficient tem-

poral detail in PoP, conditional probability of frozen pre-

cipitation, and cloud amount to indicate whether precipi-

tation might occur in the morning or afternoon.  The con-

ditional probability of liquid precipitation characteristics 

(showers, drizzle, or steady) and thunderstorm probabili-

ties were also available.  Guidance for these particular 

elements was developed independently of PEATMOS 

guidance issued to NWS forecasters and was exclusively 

for development of the CWF.   

Three years later, a detailed description of the algo-

rithms used to construct the automated public weather 

forecast was provided (Glahn 1979b).  By this time, LFM 

MOS guidance was used in the CWF and the availability 

of additional MOS guidance (for example, temperature 

forecasts for 3-h intervals as well as quantitative precipi-

tation forecasts permitted construction of a more sophis-

ticated CWF.  Certain guidelines had been established:   

• four basic weather elements were included – 

wind, temperature, clouds, precipitation; 

• forecasts were segmented by period – today, to-

night, tomorrow – and periods were combined 

only for very simple forecasts; 

• significant weather elements were located at or 

near the beginning of a segment. 

While the software to construct the CWF had been 

built and was running on the NMC mainframe computer 

in 1979 (Heffernan and Glahn 1979), the plan was to 

transmit digital matrices and CWF’s on AFOS circuits to 

NWS forecast offices.  There, another version of the CWF 

software would present the forecaster with options re-

garding the CWF:  accept verbatim, do minor edits, do a 

wholesale revision, or disregard.  Figure 7 shows a sam-

ple CWF from 1979.   

The matrix and CWF were first transmitted on AFOS 

circuits in the early 1980’s (NWS 1983f).  This documen-

tation represented a major milestone in post-processing 

NWP model output since publication of a Technical Pro-

cedures Bulletin conveyed approval of a product by NWS 

executive management.   Now the field forecasters had 

access not only to the digital guidance (the CWF matrix 

or the LFM MOS FOUS12 bulletin), but they could also 

see an automated worded forecast based on that guid-

ance.  While many forecasters viewed this automation as 

a threat, others embraced the possibilities of the new 

technology.  By the late 1980’s, AFOS had been imple-

mented in the NWS.  Not all of the original vision had 

been realized, however, because of inadequate commu-

nications bandwidth and limitations in local computer pro-

cessing power.  Despite extensive work on the CWF dur-

ing the 1980’s, Glahn (1989) acknowledged that com-

plete implementation of the CWF awaited the next gener-

ation of automation at NWS field offices.  

9.11 A re-cap of the LFM MOS guidance  

By September 1982, the probabilities for the three 

snow amount categories and the 6-h precipitation type 

guidance were available on the FOUS12 bulletin (NWS 

1982e) between September 16 and April 30.  Thunder-

storm probabilities based on MDR data were available 

year-round.  In early 1983, the max/min temperature for 

the fourth period and the 48-60 h PoP were added to the 

FOUS12 bulletin (NWS 1983a).  At long last, LFM MOS 

guidance for the CONUS was complete.  Figure 8 dis-

plays the alphanumeric product dubbed "SUPERFOUS" 

by some to distinguish MOS guidance from FOUS mes-

sages containing direct LFM output.  Improvements were 

later implemented in the MOS guidance available in 

FOUS12, but the contents of the CONUS message were 

complete.  By the late 1980’s, the operational LFM MOS 

system produced guidance for the 6- through 60-h pro-

jections for about 350 civilian and 150 military locations 

in the CONUS and Alaska (Carter et al. 1989).  Figure 9 

shows major events during the history of the PEATMOS 

and LFM MOS guidance. 

Several other housekeeping tasks were completed 

in January 1983.  The FOUS22 message was entirely re-

moved from the NWS AFOS circuit (NWS 1983c), and 

the Final FOUS22 was removed from all communication 

circuits.  The Early FOUS22, now simply called FOUS22, 

continued on the regular communication circuits.  Issued 

twice daily, this abbreviated LFM MOS message con-

tained guidance for max/min temperature, 12-h PoPs, 

and PoF.  A new message (FOUS21) was implemented 

and disseminated only on AFOS (NWS 1983b).  This 

product contained fifth period max/min temperature guid-

ance for 131 sites in the CONUS and 12 cities in Canada.  

This package was produced by applying K-L perfect prog 

equations to the GSM and was available twice daily at 

approximately 0800 and 2000 UTC.   

10.  NGM-BASED GUIDANCE – PERFECT PROG, 

MODEL RERUNS, MOS  

Implementation of the Nested Grid Model (NGM) 

epitomized model development in the 1970’s and 1980’s.  

The NGM and its attendant analysis system were devel-

oped over an extended period of time beginning in the 
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late 1970’s (Phillips 1979).  The new system, named the 

Regional Analysis and Forecast System (RAFS), was im-

plemented by NMC in March 1985 (DiMego 1988).  

Changes to the RAFS ensued as problems appeared 

(Hoke et al. 1989).  Significant modifications included 

more complete parameterization of the physical pro-

cesses in July 1986, and a hemispheric temperature cor-

rection scheme in October 1987.  The NGM was superior 

to the LFM, and the user community requested statistical 

guidance from the NGM.  Because of changes in the 

RAFS, however, a relatively stable sample of model out-

put suitable for MOS development did not begin until Oc-

tober 1987.  Since a minimum of 2 seasons of data was 

deemed necessary for MOS development, NGM MOS 

guidance could not be implemented until October 1989. 

In lieu of waiting, TDL decided to use the existing 

MOS infrastructure to develop and implement a “modified 

perfect prog” system (Erickson 1988).  LFM analyses of 

upper air observations at 0000 and 1200 UTC were used 

as potential predictors by interpolating LFM fields to the 

stations for which MOS equations were desired.  Since 

analyses were unavailable at 0600 and 1800 UTC, 6-h 

forecasts from the LFM were assumed to approximate 

observations, and interpolated values from these varia-

bles were included as possible predictors.  After other 

modifications were made to the traditional perfect prog 

approach, specification equations were developed for 

204 sites in the CONUS.  Predictands included daytime 

max/nighttime min temperatures; precipitation amount 

over the 0000-1200 UTC or the 1200-0000 UTC periods; 

and wind speed, wind direction, and opaque cloud 

amount at 0000, 0600, 1200, or 1800 UTC.  The meteor-

ological definitions for these variables were identical to 

those used for the LFM MOS system.  Specification equa-

tions were converted to forecast equations by modifying 

the projections of the model predictors so that the tem-

poral relationship between predictor and predictand was 

retained, regardless of the projection of the predictand.  

The new NGM-based perfect prog system was imple-

mented in May 1987 (Carter et al. 1989) and was an in-

terim solution to supplement the complete LFM MOS 

guidance. 

After some discussion and experimentation, Drs. 

Norm Phillips and Jim Hoke, the NMC modelers respon-

sible for developing the NGM, became convinced of the 

need for NGM MOS guidance.  With concurrence of the 

responsible managers, Jim Hoke established a mecha-

nism whereby MOS developers could rerun the NGM on 

the Cyber 205 super-computer for a 1-year sample of Oc-

tober 1986 through September 1987.  Reruns began in 

August 1988, and were completed by December 1988.  

MOS equation development based on 2 years of warm 

season (April – September) data began immediately af-

terwards.  This effort was a milestone, marking the first 

time that the operational NWS model was rerun to in-

crease the size of a MOS developmental sample.  

The process used in development of LFM MOS guid-

ance was followed for NGM MOS with some modifica-

tions.  The NGM archive was more extensive than either 

the LFM or PE archives, particularly in terms of the verti-

cal structure of temperature and relative humidity.  Thus, 

the variety of possible predictors was greater (Jacks et al. 

1990a, 1990b).  In the first NGM MOS system, the pre-

dictands were restricted to daytime max and nighttime 

min temperatures, liquid-equivalent precipitation of 0.01 

inches or more in a 12-h period, 10-m wind speed and 

direction, and opaque cloud cover.  Equations were de-

veloped for both cool (October – March) and warm (April 

– September) seasons.  The addition of the 1986-87 

model data provided three cool seasons and two warm 

seasons for development.  Extra data from outside the 

seasonal limits (8 days for the cool season, 15 days for 

the warm season) were included to increase the depend-

ent sample size and to smooth the transition in the guid-

ance during the seasonal equation change.  The first 

NGM MOS system for the warm season was imple-

mented for max/min temperature, 12-h PoP, 10-m wind 

speed and direction, and opaque cloud cover on July 26, 

1989.  The initial set of cool season equations was imple-

mented on October 4, 1989.  Figure 10 shows a sample 

of the first NGM MOS alphanumeric product (FOUS14).  

No graphics products were available.     

Additional changes were later proposed to the 

RAFS.  Working together, NMC and TDL suspected that 

certain changes would significantly impact the MOS guid-

ance.  After deciding on modifications to test, NMC con-

ducted a 4-week parallel series of model runs.  TDL found 

that the changes would have little or no impact on the 

temperature, PoP, or wind guidance.  However, a change 

in the analysis that affected the relative humidity in the 

upper troposphere caused a deterioration in the MOS 

cloud guidance.  To mitigate the effects, TDL re-derived 

the MOS cloud equations after removing 300-hPa relative 

humidity as a predictor and implemented new equations 

in September 1990 before the RAFS was operationally 

modified (Erickson et al. 1991).  This close collaboration 

between NMC and TDL was crucial to ensuring the timely 

implementation of the NGM MOS guidance. 

The scope of the 1989 implementation was limited 

due to time constraints.  Guidance was available only for 

204 stations in the CONUS, and the predictors screened 

were relatively simple.  The NGM MOS system would be 

expanded substantially in the early 1990’s by adding 

guidance for more stations and weather elements.  Major 

enhancements to predictors were implemented, particu-

larly the addition of grid-binary, conceptual model, inter-

active, and transformed variables.  A numerical method 

of choosing probability thresholds required for selecting a 

categorical forecast from guidance probabilities was de-

signed and adopted by all developers.  General guide-

lines meant to standardize equation development were 



 30

established.  The following sections summarize steps to 

the ultimate NGM MOS guidance package. 

9.1 NGM MOS developmental considerations 

In the new NGM MOS system (Dallavalle et al. 

1992), three factors influenced the predictand definition:  

the availability of an appropriate set of observations, the 

predictability of the weather event inherent in the NWP 

model, and the need to satisfy NWS guidance require-

ments for public, aviation, and hydrological forecasts.  

As noted, the first implementation provided guidance 

for only 204 CONUS sites.  Later, an extensive effort was 

made to increase the number of individual sites for which 

NGM MOS guidance was provided.  New sites were se-

lected according to the availability of observed data in the 

TDL archives, gaps in areal coverage, NWS require-

ments for additional aviation and hydrological forecasts, 

requirements to support operations at Air Force and Army 

bases, and requests by forecasters.  Prior to a significant 

implementation in the fall of 1991, the number of potential 

stations with NGM MOS guidance was increased to ap-

proximately 660 sites in the CONUS and 20 sites in 

southern Canada.  Later, guidance was added for sites in 

Alaska. 

Temporal resolution of the enhanced NGM MOS 

system was driven by similar considerations, namely, 

availability and temporal specificity of observations, tem-

poral resolution of NGM forecasts, and NWS require-

ments.  For example, public weather forecasts required 

guidance for projections of 60 h or more after 0000 and 

1200 UTC.  Aviation weather forecasts required guidance 

with as fine a temporal resolution as possible out to ap-

proximately 36 h.  Yet, the NGM only produced predic-

tions to 48 h, and TDL's NGM archive contained NGM 

forecasts only at 6-h intervals over the 48-h period. Still, 

the temporal resolution of certain guidance elements was 

increase, and 60-h guidance was added for most weather 

elements.  

Developmental samples for most of the NGM MOS 

guidance were based upon the traditional 6-mo warm and 

cool seasons, with an extra 8 to 15 days of data added at 

the beginning and end of the season.  Exceptions existed 

for two weather elements, namely, thunderstorms and 

precipitation type.  For the probability of thunderstorms 

and the conditional probability of severe thunderstorms, 

developmental data were stratified into 3 seasons, 

namely, cool (October 16 - March 15), spring (March 16 

- June 30), and summer (July 1 - October 15).  For prob-

ability of precipitation type, only one season (September 

15 - April 30) was used.  Cool and warm season stratifi-

cations were used for temperature and dew point, unlike 

the LFM MOS system that used equations developed 

from a 3-mo seasonal stratification. 

For NGM MOS, generalized- or regionalized-opera-

tor equations were developed for all elements other than 

temperature, dewpoint, and 10-m wind speed and direc-

tion.  The regionalized-equation approach was some-

times advantageous since guidance was possible for sta-

tions within a region that had no developmental data or 

were added to the statistical system after equation devel-

opment.  For temperature, dewpoint, and wind, single-

station equations were developed, although some region-

alized wind equations were developed to support U.S. Air 

Force requirements.  In general, regions were subjec-

tively determined after considering climatic relative fre-

quencies, topographic features, data availability, and the 

relationship of the predictand to critical NGM forecasts.  

Developers aimed to combine stations into relatively ho-

mogeneous regions. 

9.2 NGM MOS Predictors 

Basic NGM variables included temperature, height, 

relative humidity, and wind components at constant pres-

sure levels in the low and mid troposphere.  Forecasts of 

precipitation amount, precipitable water, and mean rela-

tive humidity from the model surface to approximately 

500 hPa indicated moisture.  When interpolated to the 

station of interest, these variables formed a basic set of 

predictors.  Derived variables such as thickness, dew-

point, temperature advection, relative vorticity, vorticity 

advection, stability indices, and moisture convergence 

provided additional information for specific guidance ele-

ments.  New derived variables, such as equivalent poten-

tial temperature, modified lifted condensation level, ad-

vection of the K-index, wind speed shear, and divergence 

of Q-vectors were added to the NGM MOS system.  New 

“interactive” predictors such as the product of the vertical 

velocity and K-index, Total Totals index, or mean relative 

humidity; and the product of the mean relative humidity 

and K-index or Total Totals index were created for the 

prediction of thunderstorms and severe thunderstorms.  

For precipitation type, a new predictor to measure the 

depth of warm air over a cold surface layer was con-

structed.  For ceiling and visibility, predictors indicating 

the height at which certain dewpoint depressions were 

predicted by the NGM were devised, and mean relative 

humidity in several shallow layers above the surface was 

computed.  In general, the predictor projection was within 

+ 6 h of the predictand valid time.  Time averages or dif-

ferences over 6-h periods of NGM forecasts were also 

used as potential predictors. 

In previous MOS developments, predictors were 

used as both continuous and binary variables.  In the bi-

nary form, the model variable of interest, possibly from a 

smoothed or calculated NGM field, was interpolated to 

the station of interest and compared to a user-specified 

limit.  The binary was then set to 0 or 1, depending on 

whether the interpolated model forecast exceeded the 
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limit.  This “point-binary” was helpful in creating probabil-

istic guidance and was a key component of the REEP 

technique.  One problem, however, with point-binaries 

was that a probability forecast could show sharp temporal 

or spatial discontinuities based on very minor differences 

in the value of the model variable at a station.  John Jen-

senius (Jensenius 1992) developed the “grid-binary” ap-

proach to eliminate these problems and still fit the relative 

frequency of occurrence of an event with a multiple linear 

regression equation.  In the grid-binary approach, the 

value of the model variable at each grid point is com-

pared to the binary limit, and each grid point is then as-

signed a value of 0 or 1, according to whether the grid 

point value exceeded the limit.  The result is a field of 0’s 

and 1’s that can be smoothed if desired.  This field is then 

interpolated to the station of interest, resulting in continu-

ous values between 0.0 and 1.0.  The grid-binary ap-

proach was quickly accepted by the NGM MOS develop-

ment team, and soon grid-binary model variables re-

placed most point-binaries.  

Station observations were included as possible pre-

dictors when persistence was important for producing 

guidance.  Because of the operational timing of the NGM, 

observations at t0 + 3 (t0 = 0000 or 1200 UTC) were first 

used as potential predictors for the very short-range pro-

jections of most guidance elements.  In later develop-

ments, observations at t0 + 2 were potential predictors.  

For probability equations, station observations were often 

treated as point-binary predictors.  Backup or secondary 

equations with no observations as predictors were avail-

able when station reports were missing.  

 Geographical and climatic predictors were important 

in the NGM MOS development, particularly as the skill of 

the NGM decreased with increasing projection.  For re-

gionalized-operator equations, variables such as station 

latitude, longitude, and/or elevation were used as poten-

tial predictors.  For ceiling height and visibility, a climatol-

ogy of the relative frequency of ceiling height at a specific 

hour being less than 1000 feet or a visibility of less than 

3 miles was developed to provide individual station infor-

mation in the regionalized equations.  Variables like the 

sine or cosine day of the year or the daily hours of sun-

shine were used in regionalized and single-station equa-

tions to explain seasonal variations in the predictand.   

9.3 Probability of precipitation (PoP) 

For the NGM MOS PoP guidance system imple-

mented in 1989, regionalized-operator equations were 

developed to predict occurrence of liquid-equivalent pre-

cipitation of > 0.01 inches in 12-h periods ending 24, 36, 

48, and 60 h after 0000 and 1200 UTC.  A maximum of 

12 terms was allowed in these equations.  Regions were 

determined subjectively by examining topography and 

the correlation between the occurrence of precipitation 

and the NGM forecast of mean relative humidity.  Model 

predictors for the 24-, 36-, and 48-h guidance were valid 

at the beginning, midpoint, and end of the 12-h period.  

For the 60-h guidance, model predictors from the 48-h 

projection were used.   

By November 1992, the second set of NGM MOS 

PoP equations had been implemented (Su 1993), and 

guidance for approximately 313 stations was transmitted 

in the FOUS14 message (Dallavalle et al. 1992).  Five 

seasons of developmental data (October 1986 – Septem-

ber 1991) were available for equation derivation.  Fore-

cast equations were developed for 6-h periods ending 

every 6 h from 12 to 60 h after initial model time (0000 or 

1200 UTC) and for the same 12-h periods as before.  A 

maximum of 15 terms was allowed in the PoP equations.  

Equations for 12-h periods were developed simultane-

ously with the two 6-h periods spanning the 12-h window.  

This approach minimized inconsistencies among the 6- 

and 12-h PoPs.  Grid-binary predictors, especially for pre-

cipitation amount, relative humidity, and moisture conver-

gence, were important variables in the equations.  Obser-

vations were not used as predictors.  Regionalized-oper-

ator equations were developed; for the first time, hierar-

chical cluster analysis of the correlation between the 12-h 

PoP predictand and 14 frequently used predictors was 

applied to make a first guess of the appropriate regions.  

Examination of the results required some subjective mod-

ification of the regions.  Nearly 400 stations had precipi-

tation reports of sufficient quality to use in equation deri-

vation.  The NGM MOS system contained approximately 

660 stations by this time, but limitations in communica-

tions bandwidth allowed dissemination for less than half 

of the sites.   

9.4 Max/min temperatures, 2-m temperatures and 2-

m dew points  

For the first NGM MOS implementation in 1989, 

equations were developed to predict daytime max and 

nighttime min temperatures valid nominally at 24, 36, 48, 

and 60 h after initial model time (t0) of 0000 and 

1200 UTC.  Daytime was still defined as 8 am – 7 pm LST 

during the warm season and as 9 am – 7 pm LST during 

the cool season.  Nighttime was defined as 7 pm – 8 am 

LST during the warm season and as 7 pm - 9 am during 

the cool season.  The max/min temperature guidance 

from the 0000 UTC (1200 UTC) forecast cycle was avail-

able for today’s max (tonight’s min), tonight’s min (tomor-

row’s max), tomorrow’s max (tomorrow night’s min), and 

tomorrow night’s min (day after tomorrow’s max).  These 

were the same periods for which LFM MOS and the NGM 

modified perfect prog guidance had been available.  Sin-

gle-station equations were developed for 200 of the 204 

sites in this initial system.  Regionalized-operator equa-

tions were developed for the other four sites since the de-

pendent data sample for these sites was inadequate for 

single-station equations.  For the first forecast period 

only, surface observations of temperature, dewpoint, and 
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wind at t0 + 3 were included as possible predictors; sec-

ondary or backup equations requiring only NGM varia-

bles and climatic terms were needed when surface ob-

servations were missing.  For the first three forecast pe-

riods, NGM variables valid 12 h prior to, 6 h prior to, and 

concurrently with the nominal guidance projection were 

possible predictors.  For the 60-h max or min temperature 

equations, only 48-h NGM forecasts were used as pre-

dictors.  Prior to the issuance of the max/min temperature 

guidance, a check of the forecasts was made to ensure 

that the max and min temperatures for adjacent periods 

were meteorologically consistent, that is, that the max 

temperature was equal to or greater than the min temper-

ature for adjacent periods, and that the min temperature 

was equal to or less than the max temperature for adja-

cent periods.  When two values were inconsistent, the av-

erage of the two became the max and min temperature 

guidance for both periods.   

A second implementation occurred in October 1991.  

Four significant modifications were made at that time.  

First, the definition of daytime was modified to be 7 am – 

7 pm LST year-round.  The definition of nighttime was 

changed to be 7 pm – 8 am LST year-round.  This defini-

tion deliberately overlapped one hour of day and night 

around sunrise and reflected opinions of the four NWS 

CONUS regions.  Since TDL was now using its archive 

of hourly surface aviation observations as predictand 

data and since daytime max and nighttime min observa-

tions were unavailable in either hourly or synoptic obser-

vations, the TDL algorithm to generate the necessary 

max or min temperature values from the appropriate 

hourly and max/min temperature observations was rede-

signed.  The second notable modification was the addi-

tion of sites to the MOS system resulting from the availa-

bility of hourly observations as predictands.  The new pre-

dictand data set contained observations for approxi-

mately 660 sites.  Thirdly, two additional years of devel-

opmental data were included so that the dependent sam-

ple spanned the period of October 1986 – March 1991.  

Lastly, equations were developed to generate guidance 

for 2-m temperature and dewpoint for projections every 

3 h from 6 to 60 h after 0000 or 1200 UTC.  Observations 

of temperature, dewpoint, and wind at t0 + 2 were in-

cluded as possible predictors for projections out to 27 h.  

The addition of temperature and dewpoint as guidance 

elements required that equations be developed simulta-

neously for groups of predictands:   

• 6-, 9-, 12-, and 15-h temperatures and dew-

points; 

• 15-, 18-, 21-, 24-, and 27-h temperatures and 

dewpoints along with today’s max temperature 

(0000 UTC cycle) or tonight’s min temperature 

(1200 UTC cycle); 

• 27-, 30-, 33-, 36-, and 39-h temperatures and 

dewpoints along with tonight’s min temperature 

(0000 UTC cycle) or tomorrow’s max tempera-

ture (1200 UTC cycle); 

• 39-, 42-, 45-, 48-, and 51-h temperatures and 

dewpoints along with tomorrow’s max tempera-

ture (0000 UTC cycle) or tomorrow night’s min 

temperature (1200 UTC cycle); and 

• 51-, 54-, 57-, and 60-h temperatures and dew-

points along with tomorrow night’s min temper-

ature (0000 UTC cycle) or the day after tomor-

row’s max temperature (1200 UTC cycle). 

 

In operations, the two temperature (or dewpoint) val-

ues for the 15-, 27-, 39-, and 51-h projections were aver-

aged for guidance.  Hourly temperature and dewpoint 

guidance values were checked for consistency with each 

other.  Consistency checks were also enhanced so that 

the max (or min) values for the second, third, fourth, and 

fifth groups were checked with each other and then were 

compared with the 3-h temperatures within that group.   

By early 1992, the USAF had access to the complete 

temperature and dew point guidance. At that time, NWS 

and private forecasters received only the max/min tem-

perature guidance for the original 204 stations in the 

FOUS14 message.   In November 1992, the temperature 

and dewpoint guidance became available to NWS and 

private sector forecasters for approximately 310 stations 

(Dallavalle et al.1992, Miller 1993).  In the spring of 1994, 

the FOUS14 message was expanded to contain data for 

approximately 530 CONUS sites. 

9.5 Surface winds 

The first NGM MOS wind equations (Jacks et al. 

1990a) implemented in July 1989 were developed analo-

gously to those used in the LFM MOS system.  Equations 

were derived simultaneously for the u- and v- (east/west 

and north/south) wind components and the wind speed.  

Guidance was valid every 6 h from 6 to 48 h after 0000 

and 1200 UTC.  Single-station equations were developed 

for 202 of the 204 sites in this first system.  For the re-

maining two sites, regionalized-operator equations were 

developed.  Except for the 48-h projection, potential 

model predictors were valid 6 h prior to, concurrent with, 

and 6 h after the time of the wind predictand.  For the 48-h 

predictand, model variables at the 42- and 48-h projec-

tions were used as potential predictors.  For the 6- and 

12-h projections from each cycle, observations of the 

10-m wind at t0 + 3 were also used as possible predictors.  

The development of these primary equations necessi-

tated sets of secondary or backup equations for opera-

tional use when surface observations were unavailable.   

A second major implementation of NGM MOS wind 

equations occurred in October 1991 (Miller 1993).  Two 

additional years of NGM output were available so that the 

developmental data covered the period of October 1986 

through March 1991.  Equations were developed for the 

standard cool and warm seasons; the developmental 
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sample at the beginning and end of each season was 

lengthened by adding eight days of model forecasts from 

the adjacent season.  The predictand data set was the 

same one used for temperature and dewpoint develop-

ment and provided observations for approximately 

660 sites.  For the first time, wind guidance was valid 

every 3 h from 6 to 60 h after both 0000 and 1200 UTC.  

Since NGM variables were only available with 6-h reso-

lution, this increase in temporal resolution necessitated 

an adjustment of the potential predictors, that is, at pro-

jections of 9, 15, 21, …, and 45 h, the averages of model 

forecasts 3 h prior to and 3 h after the valid predictand 

hour were included as possible predictors.  For the 6-, 9-, 

and 12-h guidance projections, station observations of 

the 10-m wind were included as possible predictors in the 

primary equations.   

Another major change at this point was separating 

the NGM MOS stations into three groups:  full-time ob-

servation sites for which single-station prediction equa-

tions were to be developed; part-time observation sites 

important to NWS forecasters for which single-station 

prediction equations were to be developed; and part-time 

observation or closed sites critical to the USAF for which 

regionalized-operation equations were to be developed.  

Due to the diligence of the USAF liaison (Capt. David Mil-

ler) assigned to TDL from 1989 to 1993, single-station 

equations were developed for a substantial number of 

USAF or Army bases.  In contrast, for the LFM MOS sys-

tem, wind guidance for the military bases was generated 

by generalized-operator equations.  With the wind guid-

ance now based on single-station equations for many of 

these sites, the quality of the guidance provided both to 

civilian and military forecasters was enhanced substan-

tially.  As noted previously, the guidance for all required 

locations was available to military forecasters by early 

1992.  The guidance for approximately 310 stations be-

came available to NWS and the private sector in late 

1992.   

9.6 Threshold probabilities and categorical guidance 

As described in Section 8, a number of approaches 

had been used in TDL to produce categorical guidance 

from probabilities for weather elements such as cloud 

amount, visibility, precipitation type, quantitative precipi-

tation, etc.  The subjective threshold probabilities and cu-

mulative probability model once used had given way to 

objective techniques that modeled threshold probabilities 

with mathematical functions.  However, Capt. Dave Miller 

concluded that the threshold approach could be improved 

if a numerical algorithm was used to generate the thresh-

old probabilities from a dependent sample of probability 

forecasts, that is, the same sample used to derived the 

forecast equations.  Since the equations were derived 

simultaneously for different categories of the same 

weather element, the consistency among probabilities of 

the different categories was enhanced, though not guar-

anteed.  Moreover, with multiple linear regression equa-

tions, a forecast probability did not have to be > 0.0 and 

< 1.0.  Consequently, the first step in the new objective 

iterative approach (or the “best-miller” scheme) was to 

“normalize” the probabilities.  For the probabilities of ex-

clusive categories (for example, clouds), the sum of the 

probabilities predicted by the equations must equal 1.0.  

The normalization procedure begins by setting all nega-

tive categorical probabilities to 0.0, and then summing the 

remaining positive probabilities to find the value S.  The 

remaining positive probabilities are “normalized” by set-

ting the new probability value equal to the original value 

divided by the sum S.  For probabilities of cumulative cat-

egories (for example, 12-h precipitation amount), the 

probability of the most common category (> .01 inches) 

should be the greatest value.  The probability of the sec-

ond most common category should be less than or equal 

to this value.  If not, the value of the second most com-

mon category is set equal to that of the most common 

category.  This process continues in a stepwise manner 

until the probability of the rarest category (for example, > 

2.00 inches) is the least value of all the probabilities.  The 

objective iterative approach then searches the dependent 

dataset via a numerical algorithm to find a probability 

threshold that either minimizes the bias or maximizes the 

threat score for every category while keeping the bias 

within developer-specified limits.  This objective iterative 

approach works optimally by starting with the rarest event 

and then ending with the most common event.  Thus, 

when applied operationally, the scheme first attempts to 

predict the rarest category; the most common category 

becomes the default guidance when none of the categor-

ical probabilities exceeds a threshold.  Miller (1995), 

Meyer et al. (1997), and Antolik (2002) describe the pro-

cess used for ceiling height, visibility, and precipitation 

amount, respectively.   

9.7 Cloud amount 

For the first NGM MOS implementation, regional-

ized-operator equations were developed to predict the 

probability of opaque sky cover for projections every 6 h 

from 6 to 48 h after 0000 and 1200 UTC.  The regions 

were determined by topography and the correlation at 

stations between cloud amount and NGM forecasts of the 

mean relative humidity between the surface and approx-

imately 500 hPa.  As in the LFM MOS system, the pre-

dictand for opaque sky cover (cloud amount) was ob-

tained from 0000, 0600, 1200, and 1800 UTC station ob-

servations.  Categories of clear (0 tenths), scattered (1-5 

tenths), broken (6-9 tenths), and overcast (10 tenths) 

were obtained from cloud amount reports, and equations 

to predict the probability of each of the four categories for 

a specific region and projection were developed simulta-

neously.  Categorical forecasts were generated from the 

probabilities by comparing the probabilities to three 
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threshold values selected via the M & B cumulative prob-

ability model to produce unbiased categorical forecasts. 

Predictors for this first implementation (Jacks et al. 

1990b) included several relative humidity variables at 

specific pressure levels unavailable in the LFM MOS sys-

tem.  For development of the cloud amount equations, all 

NGM predictors were valid concurrently with the projec-

tion of the predictand.  Observations at t0 + 3 were in-

cluded in the primary equations as potential predictors for 

the 6- and 12-h forecast projections.  As noted earlier, 

Erickson et al. (1991) determined that a proposed change 

to the RAFS would negatively affect the NGM MOS cloud 

amount guidance.  By removing the 300-hPA relative hu-

midity from the predictors used in the guidance equa-

tions, the negative impact was ameliorated.  Otherwise, 

the equation development was identical to that used in 

the first implementation.  These new cloud prediction 

equations were implemented in September 1990. 

As the NGM MOS system was being expanded in 

the 1991 to 1993 period, cloud amount equations were 

developed once more.  Approximately 6 years of NGM 

forecasts (October 1986 – March 1993) were available in 

the developmental sample, and the temporal resolution 

of the guidance was increased to be valid every 3 h from 

6 to 60 h after both 0000 and 1200 UTC.  The new cloud 

amount guidance system was implemented in July 1993.  

Categorical forecasts were obtained from the four proba-

bility forecasts by using the objective iterative threshold 

technique with unit bias. 

9.8 Probabilities of ceiling height categories/categor-

ical guidance 

For ceiling height (Miller 1995), the predictand was 

the occurrence at a specific hour of a ceiling less than 

200 ft, 200-400 ft, 500-900 ft, 1000-3000 ft, 3100-6500 ft, 

6600-12000 ft, or greater than 12000 ft.  These catego-

ries were slightly different than those used for the LFM 

MOS guidance.  The revised categorical limits reflected 

requirements of the NWS and the USAF as well as limi-

tations of the new automated surface observing system 

(ASOS).  Equations were developed simultaneously to 

predict the probability of each category.  From the proba-

bilities of the seven categories, a “best” category forecast 

was made by the objective iterative threshold scheme de-

signed to minimize the bias.   

Hourly surface observations of the ceiling height 

were available as predictands for approximately 440 CO-

NUS sites.  Regionalized equations were developed to 

predict ceiling height at 3-h intervals from 6 to 36 h after 

the initial model time (0000 and 1200 UTC) and at 6-h 

intervals from 42 to 60 h after initial model time.  The de-

pendent sample consisted of data from October 1986 

through March 1992. The standard 6-mo seasons were 

used for development, and when feasible, 8 days of sea-

sonal overlap were included on either side of each sea-

son.  The NGM predictors were available at 6-h intervals 

and were valid at the same time as the predictand for the 

6-, 12-, …, 48-h guidance projections.  For the 9-, 15-, 

21-, 27-, and 33-h projections, time-averaged model var-

iables were used.  For the 54- and 60-h guidance, 48-h 

NGM predictors were screened.  NGM predictors in-

cluded several variables new to the MOS system such as 

advection of relative humidity in the lower troposphere, 

the product of relative humidity at certain levels and either 

the K index or the vertical velocity, and a conceptual 

model indicating the height of a cloud base.  Model vari-

ables were used as continuous or grid-binary quantities.  

Climatic variables included the monthly relative fre-

quency of ceiling height less than 1000 ft at 0000, 0600, 

1200, and 1800 UTC.  These values were calculated from 

a 10-year sample of observations.  Station latitude, longi-

tude, and elevation were included as potential predictors.  

Finally, observations at t0 + 2 hours (t0 = 0000 or 

1200 UTC) were screened as predictors for the 6-, 9-, 

and 12-h primary prediction equations.  These variables 

provided an indication of persistence for ceiling height, 

and were often used as point-binary quantities.  A maxi-

mum of 15 terms was allowed in all equations. 

The ceiling height guidance was implemented on 

January 27, 1993.  Unlike the LFM MOS guidance, in the 

NGM MOS message only categorical forecasts were pro-

vided.  While the ceiling guidance in FOUS14 was avail-

able to the 48-h projection, the 54- and 60-h guidance 

was disseminated in USAF alphanumeric messages.     

9.9 Visibility and obstruction to vision  

For visibility (Meyer et al. 1997), the predictand was 

the occurrence at a specific hour of visibility less than 

½ mi, ½ - 7/8 mi, 1 – 2 ¾ mi, 3-5 mi, and greater than 

5 mi.  For obstruction to vision, the observation was di-

vided into three possible categories, namely, fog or 

ground fog, haze, or neither of these two phenomena.  

This definition was notably different from the “obstruction 

to vision” predicted in the LFM MOS system.  For one 

thing, fog occurring in precipitation was now considered 

a valid obstruction in the NGM MOS system.  Secondly, 

no attempt was made to predict blowing phenomena 

since observations of the ground or snow cover condi-

tions were unavailable.  Both factors were critical to de-

termining when soil, dust, or snow were likely to become 

air-borne and decrease visibility.  In the NGM MOS sys-

tem, guidance for obstruction to vision was oriented to 

decreases in visibility caused by water droplets or haze 

particles.  Equations for visibility (five categories and ob-

struction to vision (three categories) were developed sim-

ultaneously to minimize inconsistencies between the two 

types of guidance. 

The guidance for visibility and obstruction to vision 

was valid at 3-h intervals from 6 to 36 h after t0, and at 

6-h intervals from 42 to 60 h after t0.  Predictors used 
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were similar to those for ceiling height, except that the 

climatic relative frequency of visibility less than 3 mi was 

included as a potential predictor.  Also, observations at t0 

+ 2 were screened as possible predictors in the equations 

valid for the 6- through 24-h projections. The dependent 

data sample was one year longer (October 1986-March 

1993) than that for development of ceiling guidance.  

Eight days of seasonal overlap were added to the warm 

season sample; no days were added to the cool season.  

Regionalized equations were developed for visibility/ob-

struction to vision; the regions were selected on the basis 

of similar climatic relative frequencies at approximately 

440 sites in the CONUS.  A maximum of 18 terms was 

allowed in these equations.  Categorical forecasts were 

based on the objective iterative approach described in 

Section 10.6.  For both visibility and obstruction to vision, 

threshold probabilities were designed to maximize the 

threat score while restricting the forecast bias to be in the 

range of 0.70 to 1.30 during the warm season, and 0.85 

to 1.15 during the cool season.  The NGM MOS visibil-

ity/obstruction to vision guidance was implemented in 

July 1993. 

10.10 Probability of thunderstorms and severe thun-

derstorms 

When the first set of equations was developed for 

these probabilities, lightning location data were unavaila-

ble for portions of the CONUS.  In lieu of postponing the 

development, the predictand was defined by combining 

reports of thunderstorms from hourly surface observa-

tions, radar echo intensity values (MDR data), and re-

ports from spotter networks in the NSSFC Severe Local 

Storms (SELS) logs (Bower 1993).  As was done previ-

ously, a radar echo at Video Integrator and Processor 

level 3 (VIP3) was chosen to indicate occurrence of a 

thunderstorm.  Since MDR reports were for grid blocks 

approximately 47 km on a side and since stations were 

not normally located at the mid-point of a block, the “re-

porting” location for a station was defined as a three by 

three array of blocks with the station located in the interior 

block.  Thus, a station’s hourly observation of a thunder-

storm, an MDR report of VIP3 or greater within the sta-

tion’s area, or a SELS log report within the same area 

indicated thunderstorm occurrence.  Reports from ap-

proximately 430 sites in the CONUS were accumulated 

over 6-, 12-, or 24-h periods to define the predictand.  

Similarly, a severe thunderstorm was defined by a sta-

tion’s hourly observation of a severe weather event or a 

SELS log report within the station’s area. 

Equations were developed to predict the probability 

of thunderstorms and the conditional probability of severe 

thunderstorms for 6-h intervals ending every 6 h from 12 

to 60 h after 0000 and 1200 UTC (Bower 1993).  Unlike 

the LFM MOS system, forecast equations were devel-

oped for 12-h intervals ending 18, 30, 42, and 54 h after 

0000 and 1200 UTC; these intervals coincided more 

closely with periods of maximum and minimum thunder-

storm activity in the CONUS.  Equations were developed 

simultaneously for a 12-h interval and the two 6-h periods 

spanning that interval. To support NSSFC, forecast equa-

tions were also derived for 24-h periods ending 36 and 

60 h after 0000 UTC. Regionalized-operator equations 

were available for three seasons:  spring (March 16 - 

June 30), summer (July 1-October 15), and cool (Octo-

ber 16-March 15).  The developmental sample extended 

from October 1986 through March 1991.  Probability 

guidance for thunderstorms and severe thunderstorms 

was added to the FOUS14 on November 4, 1992.  In Oc-

tober 1991 and February 1992, respectively, the thunder-

storm and severe thunderstorm probabilities became 

available to the USAF and the NSSFC. 

In November 1994, NGM MOS 24-h thunderstorm 

probabilities developed from lightning data and condi-

tional probabilities of severe thunderstorms developed 

from SELS logs were implemented for the entire CONUS 

(Reap 1994).  These 24-h probabilities replaced the LFM 

MOS system operational since the late 1970’s.  The prob-

abilities were valid 12-36 h and 36-60 h after 0000 UTC, 

and 6-24 h and 24-48 h after 1200 UTC.  The predictand 

data for the thunderstorm probability system was the oc-

currence of two or more lightning strikes within a 47-km 

block; the lightning strike data were obtained from light-

ning detection networks operated by the State University 

of New York at Albany, the National Severe Storms La-

boratory, and the Bureau of Land Management.  The 

sample covered the 1987-1990 period.  The definition 

used for severe weather (conditional upon two or more 

lightning strikes in a grid block) was the same one used 

in the LFM and initial NGM MOS systems, that is, the oc-

currence of tornadoes, large hail (3/4 inches or greater in 

diameter), and/or damaging winds reported in the SELS 

logs.  Regionalized-operator equations were available for 

two regions, namely, the eastern and western U.S., and 

for two seasons, namely, a warm (March 15 – Septem-

ber 30) and a cool (October 1 - March14) stratification.  In 

contrast, severe weather equations were developed for 

spring (March 15 - June 15), summer (June 16 - Septem-

ber 30), and cool (October 1 - March 14) seasons.  A cat-

egorical forecast (automated convective outlook) was 

also generated for the same 24-h periods by a technique 

documented in Reap 1994.  A lack of time and staff pre-

cluded expanding this development effort to the 6- and 

12-h probabilities available in the FOUS14 message.   

10.11 Conditional probability of precipitation type, 

categorical guidance 

In November 1992, the new NGM MOS probability of 

precipitation type (PoPT) guidance system was imple-

mented (Erickson 1995).  Four significant changes were 

made to the NGM MOS system compared to the LFM 

MOS PoPT.  First, the temporal resolution of the NGM 

MOS PoPT was increased.  Guidance was available at 
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3-h intervals from 6 to 36 h, and at 6-h intervals from 42 

to 60 h after 0000 and 1200 UTC.  Second, multiple linear 

regression was used to develop the MOS equations, not 

the logit model.  Third, the predictand definition was mod-

ified.  While the notion of three categories was retained 

from the LFM MOS system, for the NGM MOS definitions, 

freezing precipitation included all freezing rain, freezing 

drizzle, and ice pellet events, even if these elements 

were mixed with liquid or frozen precipitation.  Ice pellets 

were moved into the freezing precipitation category for 

several reasons, namely, the impact on society of freez-

ing rain or ice pellets was similar to one another; the pure 

snow event was uniquely hazardous and needed to be 

distinguished from ice pellets; the ice pellet category 

could not be treated uniquely because of its rarity; and an 

analysis of NGM forecasts showed vertical soundings for 

events of freezing rain and ice pellets were nearly identi-

cal.  The fourth significant change in developmental pro-

cedures was that continuous, grid-binary, and point-bi-

nary variables were all used in equation development.  

Point-binaries were only applied to station observations, 

not to NGM forecasts.   

The developmental sample for the CONUS con-

sisted of NGM data for 6 cool seasons (September 16 –

May 15) of 1986-87 through 1991-92.  Observations were 

available from approximately 470 sites.  Equations were 

developed by the regionalized-equation approach; sta-

tions were grouped in regions according to a 10-year cli-

matology of the conditional monthly frequency of freezing 

precipitation and of snow, topography, and correlation of 

the predictand with important predictors.  Station obser-

vations at t0 + 2 were used as potential predictors for the 

6- through 18-h projections.  The NGM predictors (Erick-

son 1992, Erickson 1995) included several sophisticated 

variables.  For instance, the pressure of the level where 

the wet-bulb temperature was below freezing was calcu-

lated.  A determination was then made as to whether a 

layer of above freezing temperatures existed over this 

cold layer.  Logit transforms of 850 hPa temperature, 

1000-850 hPa thickness, and 850-700 hPa thickness 

were used to relate occurrence of snow at individual sta-

tions to continuous variables.  Thus, the regionalized 

equations had individual station information in the predic-

tors.  Finally, the unit bias model produced categorical 

forecasts from the probabilities.  The cumulative thresh-

olds required were computed via the objective iterative 

algorithm with freezing rain treated as the rarest event. 

10.12 Probability of snowfall amounts/categorical 

guidance 

Snowfall amount guidance (PoSA) for the CONUS 

was implemented for over 300 sites in May 1993 (Bower 

1994).  A year later, guidance was extended to more than 

500 sites.  Forecasts were valid for 6-h periods, ending 

every 6 h from 12 to 60 h after the initial model time t0 of 

0000 and 1200 UTC.  Guidance for 12-h periods was also 

generated for projections of 12-24, 24-36, 36-48, and 48-

60 h after t0.  Observations of snowfall were reliably avail-

able only in the TDL archive of hourly reports collected at 

NCDC.  Consequently, predictand data for equation de-

velopment were restricted to approximately 185 CONUS 

sites.  For 6-h periods, equations were derived to predict 

the probability of no snow, > trace, and > 2 inches.  For 

12-h periods, equations were developed for the events of 

no snow, > trace, > 2 inches, > 4 inches, and > 6 inches.  

All equations were developed by the regionalized-opera-

tor approach; grouping of stations into regions was done 

by geography, relative frequencies of snow events, and 

correlation at individual stations between the predictand 

and important predictors.  The CONUS equations were 

restricted to a maximum of 18 terms. 

The snowfall amount guidance was valid for the Sep-

tember 16 through May 15 season.  For the equation de-

velopment, NGM forecasts for the period of October 1986 

through May 1992 were available.  Model variables in-

cluded basic fields as well as various interactive predic-

tors; these variables were used in either continuous or 

grid-binary form.  Because the snowfall predictand was 

unconditional, NGM MOS forecasts for the 12-h PoP and 

the conditional probability of frozen precipitation were 

used as potential PoSA predictors.  The MOS PoP and 

PoF forecasts were retrospectively produced for the pe-

riod of the dependent sample.  Climatic predictors at sta-

tions such as hours of sunshine and relative frequency of 

12-h snowfall amounts were included for all projections in 

order to distinguish among stations within a region.  Fi-

nally, hourly observations of present weather and tem-

perature at t0 + 3 were included as potential predictors for 

the 6-12 h and 12-18 h projections.  

The categorical guidance was obtained from the 

probability values by using the objective iterative thresh-

old scheme.  In this application, thresholds were calcu-

lated by maximizing threat score while restricting the bias 

within a certain range.  For the most common snowfall 

category of a trace to less than 2 inches, unit bias was 

the goal.  For all other categories and all projections out 

to 48 h, the bias range was 1.0 to 1.3.  For projections 

beyond 48 h, the bias was restricted to be 0.7 to 1.0 to 

avoid over-predicting snow amount.  The threshold pro-

cedure for PoSA went from the rarest event, namely, the 

greatest snowfall amount, to the least.  Default categori-

cal guidance for PoSA was no snowfall.    

10.13 Probability of liquid-equivalent precipitation 

amount/categorical guidance 

The NGM MOS guidance for probabilistic and cate-

gorical precipitation amount (QPF) was implemented for 

CONUS sites in October 1993.  This guidance repre-

sented the first public weather product developed for 

QPF since 1980.  Predictands for the development (An-

tolik 2002) were taken from hourly data reports at approx-
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imately 400 sites in the CONUS.  Equations were devel-

oped for 6-h periods ending 12 to 60 h after 0000 or 

1200 UTC, and for 12-h periods ending 24 through 60 h 

after 0000 or 1200 UTC.  The equations for the 6-h prob-

ability of precipitation amount were developed simultane-

ously for categories of > 0.01 inches, > 0.10 inches,>0.25 

inches, > 0.50 inches, and > 1.00 inches.  The equations 

for the 12-h probability of precipitation amount were de-

veloped similarly except that a category of  > 2.00 inches 

was added.  In the REEP multiple linear regression tech-

nique used in TDL, the predictand was equal to 1 for each 

category that the reported precipitation amount exceeded 

the lower bound, and to 0 when the lower bound was not 

exceeded.  For the lower bound of > 0.01 inches, this pro-

cedure duplicated development of PoP equations, but the 

second set of PoP equations was necessary for generat-

ing categorical QPF guidance.  The redundant PoPs 

were not issued to the forecasters and were eliminated in 

development of GFS-based QPF during the 2000’s. 

Predictor data were available from 7 years of NGM 

forecasts (October 1986 – March 1993) and included 

NGM basic variables, derived variables, grid-binary vari-

ables, and geoclimatic terms.  The grid-binary predictors 

were the most common variables used in the equations.  

All equations were regionalized-operator relationships.  

Up to 15 terms were allowed in an equation.  The proce-

dure for developing the categorical guidance from the 

probabilities was identical to the objective iterative ap-

proach described in Section 10.6.  For QPF, Antolik 

(2002) aimed to maximize the threat score while produc-

ing categorical forecasts with a bias close to 1.0.  The 

ability to maximize the threat score was related to the skill 

of the MOS QPF.  Since the skill of the MOS guidance 

declined with increasing projection and the rarity of the 

event, that is, the greater amounts of precipitation, the 

thresholds for all events at the later projections were de-

signed to maintain biases of approximately 1.0.  For the 

earlier projections, biases up to a maximum of 1.4 were 

allowed for the event of 0.50 inches or more of precipita-

tion in a 6-h period, and for the event of 1.00 inch or more 

of precipitation in a 12-h period.  In this way, the QPF 

guidance was designed so that performance would be 

maximized when justified by the skill of the system. 

10.14 NGM MOS guidance in the CONUS - FOUS14 

The FOUS14 bulletin (the FWC in the NWS system) 

was implemented in May 1987 when the message con-

tained modified perfect prog guidance based on the 

NGM.  Guidance was available for 204 sites in the CO-

NUS.  In July 1989, NGM MOS guidance replaced the 

perfect prog values in the FOUS14 message; forecasts 

were available in the identical format for the same ele-

ments and stations as in the original message.  Guidance 

for more elements and additional stations was developed 

during 1991 and 1992; a revised FOUS14 message was 

implemented in November 1992.  Guidance was now is-

sued for 313 sites in the CONUS (Dallavalle et al. 1992).  

The contents of the message were completed in October 

1993 with the addition of QPF.  Figure 11 shows a sample 

message.  Compared to the FOUS12 (the LFM MOS 

message), FOUS14 contained much more information in 

terms of weather elements and temporal resolution.  

However, probabilities for QPF, snow amount, clouds, 

ceiling height, visibility, and obstruction to vision were not 

included in the message.  These modifications resulted 

from feedback from both the NWS and private forecaster 

community.  In April 1994, changes were made to issue 

the FOUS14 for 529 stations; another change in August 

1995 increased the number of stations in the FOUS14 to 

565 (author’s notes).  The FOUS14 continued in NWS 

operations until removal in March 2009.  

10.15 NGM MOS guidance in Alaska 

The first NGM MOS product implemented for sta-

tions in Alaska (Reap 1991) was developed in response 

to a request from the Alaska Scientific Services Division.  

Thunderstorm probability guidance for 12-h periods of 6-

18 h and 30-42 h after 1200 UTC and18-30 h after 

0000 UTC was generated.  The MOS equations pre-

dicted the probability of two or more cloud-to-ground 

lightning strikes in a 47-km grid block during the 12-h 

valid periods.  These periods, centered on 0000 UTC 

(1500 LST in Alaska), correspond to the time of maximum 

thunderstorm occurrence in Alaska (Reap 1991).  Alaska 

Region had requested the guidance as an aid in predict-

ing regions of wildfire activity caused by lightning.  The 

predictand data were provided by the Bureau of Land 

Management’s automated lightning detection network.  

The developmental sample covered 3 warm seasons 

(May 1 - September 30 during the 1987-1989 period.  The 

NGM predictors were analogous to those used when the 

first lightning products were developed from the LFM for 

CONUS sectors.  The new equations for Alaska were im-

plemented in the NWS operational network in May 1990.  

The MOS probabilities generated from these equations 

were packed into the GRIdded Binary (GRIB) format and 

were transmitted to NWS Alaska computers for decoding, 

contouring, and display.  Actual decoding of the GRIB 

messages was not implemented in Alaska until May 

1991.   

In October 1994, the FOAK13 message was imple-

mented for 60 sites in Alaska.  Unlike the LFM MOS mes-

sage for Alaska, the format and contents of the Alaskan 

NGM MOS message (Dallavalle et al. 1995) were quite 

similar to those of the CONUS message.  In general, the 

predictands were identical with the exceptions that 12-h 

PoP, 12-h QPF, and 12-h PoSA intervals were centered 

on 0000 and 1200 UTC, like the Alaskan thunderstorm 

probabilities.  In Alaska, the PoPT and PoSA guidance 

were valid during September 1 – May 31.  The other dif-

ference between CONUS and Alaskan guidance was that 
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blowing phenomena were retained in the Alaskan MOS 

system for obstructions to vision.       

Equations to predict wind direction and speed for the 

60 sites in Alaska were developed and implemented in 

December 1994 (Foose 1997).  This implementation 

completed development of NGM MOS guidance for 

Alaska.  The Alaska NGM MOS guidance was removed 

in March 2009. 

11.  Medium-Range Forecast Guidance Based on the 

Global Spectral Model 

TDL had developed PEATMOS equations for the 

72-h calendar day max and min temperature in the 

1970’s (Section 7.3, 7.9), but the guidance had been re-

placed by K-L perfect prog forecasts because of prob-

lems with timeliness.  Carter et al. (1989) described the 

statistical guidance for projections beyond 2 days thusly:  

“The statistical guidance in support of forecasts beyond 

2 days has been very limited.  For many years, only per-

fect prog max/min temperature guidance was available 

for 143 locations throughout the contiguous United States 

and southern Canada.”  Carter et al added:  “Since April 

1985, 2- to 6-day MRF-based MOS forecasts of max/min 

temperature and PoP also have been produced daily for 

approximately 200 locations in the contiguous United 

States.”   

Since November 1982, TDL had provided statistical 

forecasts of the calendar day min/max for the 84- through 

192-h projections to NMC’s Medium-Range Forecast 

Group (MRFG) for help in preparing the 3- to 5-day fore-

cast package.  The statistical guidance was generated by 

applying the K-L perfect prog equations to output from the 

0000 UTC run of the Medium-Range Forecast (MRF) 

model.  The MOS system implemented (Dallavalle and 

Jensenius 1985, Palko et al. 1985) in April 1985 was also 

intended for the MRFG, but the techniques used in devel-

opment were chosen to minimize the impact of future 

changes planned for the MRF model (also called the 

Global Spectral Model or GSM).  The predictands were 

calendar day max/min from approximately 36 to 144 h af-

ter 0000 UTC and the 24-h precipitation amount (0000-

0000 UTC) ending every 24 h from 48 to 144 h after 

0000 UTC.  If the predictands are considered valid in 

terms of days with day 1 (today) denoting the initial time 

of the MRF model, then the calendar day max/min and 

the probability of 24-h precipitation amount > 0.01 inches 

were valid for day 2 (tomorrow) through day 6; those pe-

riods matched the guidance requirements of the MRFG.  

The guidance was developed for approximately 200 sta-

tions in the CONUS, essentially the same sites used for 

the initial NGM MOS development.  Equations were de-

veloped for the standard warm and cool seasons for 

max/min temperature and PoP.   

The standard MOS techniques used in previous de-

velopments were modified because changes were 

planned to the GSM/MRF model later in 1985.  The goal 

was to reduce differences in characteristics between the 

model in the dependent sample and the modified model 

to be implemented later.  Simple model variables were 

chosen as predictors and were smoothed over large ar-

eas of the model grid before interpolation to stations.  

Time averages of thermal and relative humidity variables, 

the 1951-80 max/min temperature normal, and the cli-

matic monthly relative frequency of > 0.01 inches during 

the 0000-0000 UTC period were included as potential 

predictors.  The max/min temperature equations for the 

same calendar day projection were developed simultane-

ously, thus enhancing consistency in the guidance.  For 

these equations, the number of terms was limited to 10, 

and the regression procedure was halted when no poten-

tial predictor added a minimum of 0.75 % to the reduction 

of variance of the predictand explained by the equation.  

For the PoP equations, larger regions than in other MOS 

developments were used, the regression was stopped at 

a cutoff of 0.50 % in the reduction of variance, and the 

average value calculated from the mean relative humidity 

(the relative humidity from the model surface to approxi-

mately 500 hPa) at the beginning and end of the 24-h 

PoP period was forced into all prediction equations.  

Tests on independent data showed some deterioration in 

the bias of MOS guidance when calculated from the mod-

ified MRF model.  However, the MOS guidance still im-

proved relative to a climatic forecast, and the correlation 

of the MOS guidance with observations seemed to im-

prove with the improved MRF model.   

Until 1992, these systems provided the primary sta-

tistical guidance generated by TDL for projections be-

yond day 2, the bulk of the guidance being provided only 

to NMC’s MRFG.  In December 1992, however, a mile-

stone was reached when a package of MRF-based sta-

tistical guidance (Jensenius et al. 1993) was imple-

mented and issued to the forecast community.  Guidance 

was available for daytime max and nighttime min temper-

atures, 12-h PoPs for 0000-1200 UTC and 1200-

0000 UTC periods, and mean opaque cloudiness during 

the same 12-h periods.  The 24-h PoP valid from 0000 to 

0000 UTC was predicted by combining the appropriate 

12-h PoPs (Wilks 1990).  The guidance was generated 

from the 0000 UTC run of the MRF model and was valid 

for projections 24 to 192 h after 0000 UTC.  Jensenius et 

al. (1992) described the development of the equations re-

quired for the PoP and max/min temperature guidance.  

These equations were based on a modified perfect prog 

approach similar to that used in 1987 for the first NGM-

based guidance system.  The predictors were selected 

from LFM analyses and 0-12 h forecasts, and specifica-

tion equations relating station observations to analyses 

and the very short-range forecasts were developed.  Be-

cause developmental data came from the LFM, the de-

pendent sample was extensive (December 1983 through 

November 1990).  For max/min temperature, the depend-

ent sample was divided into the standard 3-mo seasons 
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of spring, summer, fall, and winter, and single-station 

equations were developed for approximately 200 stations 

in the CONUS and 14 sites in Alaska.  For PoP, the tra-

ditional warm and cool seasons were used for develop-

ment, and regionalized equations were derived.  Predic-

tors were based primarily on geostrophic fields or mean 

temporal values; for PoP, especially, grid-binary varia-

bles were extensively used.  

The specification equations were converted to pre-

diction equations by replacing LFM variables in the spec-

ification equations with MRF variables representing the 

guidance projection and preserving the temporal relation-

ship between predictand and predictor.  This application 

of the modified perfect approach used two unique tech-

niques.  First, extensive tests were done with various 

smoothers on the fields of LFM data; eventually, different 

specification equations with different predictor smoothers 

were developed.  Jensenius et al. had recognized that the 

short-wave predictability in the MRF deteriorated faster 

with time than that of the long-waves.  Thus, smoothing 

of predictors over larger areas seemed like a way to make 

the modified perfect prog scheme behave more like 

MOS.  Second, Jensenius et al. developed a calibration 

scheme to account for systematic biases in the guidance.  

This calibration scheme depended on converting both 

guidance and verifying observations to departures from 

normal.  By verifying the original modified perfect prog 

guidance on a sample of independent data, a correction 

equation was derived to relate the calibrated forecast de-

parture from normal to the slope of the linear regression 

between the uncalibrated forecast and the verifying ob-

servation.  The procedure was designed to minimize the 

mean square error of the guidance by forcing the guid-

ance to tend toward normal climatic conditions as the skill 

of the guidance declined.  The calibration also removed 

systematic biases found in verification on independent 

data.  In tests comparing the calibrated perfect prog 

max/min forecasts to the guidance already provided to 

the MRFG, Jensenius et al. found that calibration im-

proved temperature accuracy by as much as 1 to 2 days.  

The recommendation was that 1 to 2 years of verification 

on independent data be done for the calibration, particu-

larly if one of the years was highly anomalous.  The cali-

bration scheme was adaptable to MOS guidance if a sig-

nificant change had occurred in the operational model 

supporting the guidance.    

As noted earlier, guidance for the mean opaque 

cloud cover over 12-h periods was included in the De-

cember 1992 implementation.  The mean opaque cloud 

cover was defined as a weighted average of hourly ob-

servations of opaque cloud cover at 3-h intervals from 

0000 to 1200 UTC or from 1200 to 0000 UTC.  The aver-

age was calculated by assigning a weight of 1.0 to the 

observations at the initial and ending hours of the 12-h 

interval.  The reports for the three intermediate hours 

were assigned a weight of 2.0.  However, by December 

1992, a series of problems led to abandoning the modi-

fied perfect prog approach (Jensenius et al. 1995), and 

the regional equations for cloud prediction were based on 

the MOS technique applied to a sample of MRF model 

data.  The equations used for max/min temperature and 

PoP guidance in the December 1992 implementation 

were those described in the previous paragraph.  The cal-

ibration scheme was applied operationally to the guid-

ance for max/min temperature, PoP, and mean opaque 

cloud cover. 

In July 1993, MRF-based MOS equations to predict 

the mean wind speed for 12-h periods were implemented, 

and guidance for mean wind speed was added to the me-

dium-range guidance package.  The predictand for devel-

opment of the necessary equations was calculated as a 

weighted average of hourly observations in the same 

manner as used for mean opaque cloud cover.  In Octo-

ber 1993, the MOS conditional probability of snow – con-

ditional on a significant precipitation event – was added 

to the guidance package.  In this instance, for the 0000 

to 1200 UTC interval, a “significant event” was defined as 

precipitation occurring at a minimum of two hourly reports 

from the 0000, 0300, 0600, 0900, and 1200 UTC group.  

Moreover, the two reports were separated by a minimum 

of 6 h.  The definition for a significant event during the 

1200 to 0000 UTC interval was analogous.  Once a sig-

nificant precipitation event was established, then each of 

the precipitating reports was assigned a value of 0.0 for 

liquid precipitation such as rain or drizzle; 0.5 for freezing 

rain, ice pellets, or mixed precipitation of any kind; or 1.0 

for pure snow.  The average of the values for the 12-h 

interval provided the MOS predictand.  In April 1994, the 

modified perfect prog equations for max/min temperature 

were replaced by MRF MOS equations based on 3-mo 

seasons and approximately 5 years of developmental 

data.  In January 1995, the MRF PoP guidance became 

a MOS product.  In all cases, the calibration approach 

was retained.  Jensenius et al. (1995) and Dallavalle 

(1996) discuss changes made in the guidance after the 

initial implementation of December 1992.  

A sample MRF message is shown in Fig. 12 (Jen-

senius et al. 1993).  The guidance represented the first 

substantial effort at producing a complete package de-

scribing weather of interest to the public at projections out 

to a week in advance.  As requirements evolved, more 

detailed information became necessary, and this particu-

lar guidance package was eliminated in April 2003. 

In August 1994, the same equations used in gener-

ating the medium range guidance were applied to the Avi-

ation run (AVN) of the GSM (Jensenius et al. 1994).  The 

AVN was run at approximately 0600 and 1800 UTC; thus, 

statistical guidance from this model provided the fore-

casters with an “early” look at expected conditions be-

yond the normal 60-h projection.  The alphanumeric mes-

sage (not shown) was identical to the one containing the 
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medium-range guidance, except that guidance was pro-

vided only for projections of 24, 36, 48, 60, and 72 h, and 

24-h PoPs and mean wind speed were eliminated.  In 

comparisons with the 60-h NGM MOS guidance, the AVN 

MOS guidance for the 60-h max/min temperature was 

more accurate.  This comparison provided impetus for 

development of the next generation of MOS guidance for 

short-range projections.  The AVN guidance package 

was removed in April 2002, replaced by a complete short-

range package of GSM-based MOS guidance. 

12.  An Era of Change:  1993 - 2000 

 In December 1993, Bob Glahn, Director of TDL, 

asked senior-level MOS developers to suggest design 

features for a new MOS development system.  By 1993, 

the MOS-1974 system had been in use for nearly 

20 years and needed replacement.  The deficiencies of 

the system were a lack of portability, a lack of flexibility 

and responsiveness to new requirements, developmental 

software not matching software needed for implementa-

tion, non-standardization of archived model and observa-

tional datasets, binary files when ASCII files would suffice 

and be simpler to modify, growth of the MOS-1974 sys-

tem in a non-systematic way, and a near exhaustion of 

reasonable ways to identify new model fields or MOS 

guidance elements.  The lack of portability was com-

pounded because the MOS-1974 system had run for 

nearly 20 years on IBM-type mainframes utilizing a pro-

prietary operating system.  While the MOS-1974 system 

worked efficiently on the NMC mainframe operational in 

1993, the MOS-1974 system could not be ported to an-

other computer environment without extraordinary effort.  

The problem was summarized (Glahn and Dallavalle 

2002) succinctly:  “this 1970’s system (henceforth, called 

MOS-1974) could not meet the NWS need for guidance 

for more locations, projections, and issuance times per 

day; from more models; and from ensembles.” 

In response to Bob’s request, TDL developers de-

signed a new variable identification scheme that would 

not only define the variable, but also govern computa-

tions to be made on that variable.  Bob designed a new 

packed data format (TDLPACK) that was analogous in 

many ways to GRIB but with greater data compression.  

In addition, while GRIB only handled gridded data, TDL 

had archives of both gridded model data and station-ori-

ented observational data.  One of the biggest advantages 

of TDLPACK was its ability to pack station-oriented ob-

servations, climate values, or guidance into a GRIB-like 

format.  That TDLPACK handled both gridded and point 

data (dubbed “vector” data) was a boon to the new MOS 

system by eliminating the need for additional archiving 

schemes for new observational datasets.   

By the end of 1994, the MOS group was shifting all 

developmental efforts to creating and testing the new 

MOS system.  However, another major change would im-

pact these efforts.  In 1995, NCEP (formerly NMC) de-

clared a moratorium on operational changes and an-

nounced a major effort to port all operational processes, 

all necessary software, and all data sets (real-time model 

and observational data, archives, etc.) to the Cray oper-

ational computers.  This new direction meant changes to 

software, adaptation to a Unix-type operating system, 

and conversion of all archives to new formats and storage 

structures.  This shift had a major impact on MOS devel-

opment.  Converting the entire MOS-1974 system to an-

other platform was impractical, and the MOS-1974 devel-

opmental software was abandoned.  The next era of 

MOS development awaited the new system.  In contrast, 

operational MOS programs and data structures essential 

to the NGM, AVN, and MRF MOS guidance in 1995 had 

to be converted.  Conversion of archives was also neces-

sary though PEATMOS/LFM MOS archives were aban-

doned.  Fortunately, the new TDLPACK structure and 

software to pack and unpack both gridded and vector 

data were in place – a major advantage in converting TDL 

archives.  

These two major changes were challenging enough, 

but others were on the horizon.  The NWS modernization 

ongoing in the 1990’s included installation of the Auto-

mated Surface Observing System (ASOS).  The charac-

teristics and information content of the ASOS instruments 

were different from what human observers provided.  For 

instance, ASOS did not report clouds above 12,000 feet 

and no automated method was available to reliably 

measure snowfall amount.  Thus, “complementary” satel-

lite data were needed for the former, and “supplemen-

tary” climatic data were required for the latter.  ASOS 

wasn’t the only automated network coming on-line; auto-

mated sites (like AMOS) and mesoscale networks were 

implemented by the FAA, state governments, universi-

ties, or private entities.  In addition, in December 1996, 

the standards used by the nationwide hourly aviation ob-

serving network (the “surface aviation observations”) 

were changed to the international METAR standards as 

modified in the United States.  Since weather observa-

tions were critical to the MOS approach, these changes 

meant that the MOS effort needed to adjust to the influx 

of new or relocated observing sites and new data sets by 

not only collecting data, but developing quality control 

tools necessary to understand and use the observations.   

The changes in the surface observation system had 

been discussed within the NWS as part of its moderniza-

tion.  As implementation of ASOS began in September 

1992, Unger (1992) conducted a study to determine 

whether the inability of ASOS to detect clouds above 

12,000 feet could be ameliorated by the use of a satellite 

cloud cover product generated by the National Environ-

mental Satellite Data and Information Service (NESDIS).  

This satellite cloud cover product estimated the coverage 

of high and middle clouds.  Unger found, in fact, that the 
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satellite cloud cover estimate could be used to comple-

ment the sky cover estimated by ASOS with the satellite 

estimated sky cover and the emissivity of the clouds.  

Hughes (1996) discussed MOS cloud cover and how TDL 

planned to use the sounder or imager data from the 

GOES satellites together with the satellite estimate of the 

effective cloud amount to judge cloud opacity.  This infor-

mation would then be used to complement the ASOS re-

port and estimate the total or opaque sky cover, as 

needed.  Fiebrich et al. (1997) studied false reports of 

small amounts of precipitation generated by ASOS under 

certain conditions of dew formation or snow melt.  This 

report led to an algorithm implemented within TDL to 

check automated reports of precipitation amount.  Prior 

to implementation of the METAR standards in 1996, TDL 

employees had the opportunity to suggest changes.  One 

of those suggestions proposed observations of the day-

time max and nighttime min temperatures.  As a result, 

the ASOS system and the METAR standards were mod-

ified so that max and min temperatures were reported 

every 6 h at 0000, 0600, 1200, and 1800 UTC.  This mod-

ification allowed further refinements in TDL algorithms 

that estimated daytime max and nighttime min tempera-

tures.     

Change brought challenges, but also opportunities.  

The MOS team had meteorologists who were interested 

in weather observations and used that knowledge to cre-

ate new archives of surface weather observations and to 

influence the METAR standards implemented in 1996.  

The MOS team had programmers and/or system engi-

neers who led the efforts to convert the MOS-1974 oper-

ational system to the UNIX environment required by 

NCEP.  When NCEP turned off the IBM-type mainframes 

in June 1997, TDL had completed its portion of the con-

version begun two years earlier.  The beneficial effects of 

the conversion effort exceeded expectations in at least 

two ways:  first, TDL feedback to NCEP was important in 

designing new operational structures for model and ob-

servational data, and secondly, the experience gained by 

TDL employees in making the conversion facilitated de-

sign and implementation of what came to be called the 

MOS-2000 system.    

13.  MOS-2000:  A New Era  

In January 2000, a landmark TDL publication titled 

“MOS-2000” (Glahn and Dallavalle 2000a) was issued.  

This document summarized what had been done within 

the MOS project since Bob Glahn’s memorandum of 

1993.  Everything was new – the MOS system design, 

development guidelines, variable identification scheme, 

structure of packed data records, station dictionary, ar-

chives of NCEP model data, archives of surface and re-

mote observational data, structure of the equation files, 

etc.  The documentation, designed to be updated as 

changes occurred, exceeded 160 pages.  A companion 

document “Computer Programs for MOS-2000” (Glahn 

and Dallavalle 2000b) described the new MOS software 

library and provided detailed instructions on using various 

program modules.  Bob Glahn (Glahn and Dallavalle 

2002) described the new system:  “A new development 

and implementation system has been developed for use 

in MDL’s MOS effort.  This system allows more rapid re-

sponse to changing models and new requirements.  Ad-

vantages of the new system compared to the old include 

an ID scheme that both identifies variables and controls 

processing, an efficient packing scheme that formats 

both gridpoint and station data in a similar manner, soft-

ware design which allows the use of the same algorithms 

and general structure in both developmental and opera-

tional codes, computational subroutines which can pro-

cess either gridpoint or station data and create new vari-

ables in either the developmental or operational environ-

ment, and portability of both archive datasets and devel-

opmental software between UNIX computers.”  The im-

pact of the new system was not overstated. 

13.1 MOS 2000 - short-range guidance based on the 

global forecast system  

By 1997, NCEP’s Global Forecast System (GFS) 

was providing forecasts out to 72 h from 0000, 0600, 

1200, and 1800 UTC initial conditions.  The output was 

available at approximately t0 + 2:45 h after initial time t0.  

As part of the MOS-2000 development, TDL began a new 

archive of the GFS in 1997.  Since part of the strategy in 

dealing with model changes was to archive model output 

with consistent spatial and temporal resolution, the GFS 

data were saved on a polar stereographic grid with a grid 

spacing of 95.25 km at 60° N.  The model forecasts were 

output by NCEP on a 1° latitude/longitude grid, and Dr. 

Mark Iredell of NCEP provided TDL with software to in-

terpolate from that grid to any arbitrary grid.  Data from 

the GFS were available at 3-h intervals out to a projection 

of 72 h.  The GFS archive proved to be a good testbed 

for building MOS-2000.  By the time MOS-2000 was offi-

cially documented, work to derive and implement new 

GFS-based MOS equations was underway.   In May 

2000, a GFS-based MOS guidance package was imple-

mented (Dallavalle and Erickson 2001a).  Guidance was 

available for 0000 and 1200 UTC cycles at over 

1000 sites in the CONUS, Alaska, Hawaii, and Puerto 

Rico.  The station density not only represented an in-

crease of almost 100 % coverage over NGM MOS, but 

was also the first time MOS guidance was available for 

sites in Hawaii and Puerto Rico.  The new GFS MOS 

guidance also contained forecast projections out to 72 h.  

In the initial implementation, guidance was not available 

for all forecast elements.  By July 2001, a series of imple-

mentations had completed the guidance planned for the 

0000 and 1200 UTC alphanumeric short-range mes-

sages, except for categorical snowfall amount.  In Octo-

ber 2001, implementation of alphanumeric guidance 

(Dallavalle and Erickson 2001b) derived from the 0600 

and 1800 UTC runs of the GFS model was initiated and 
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was completed about a year later with the exception of 

snow amount.  When snow amount guidance was imple-

mented in December 2003 for all four cycles, require-

ments for the GFS short-range guidance had also 

changed, and implementation of more equations ex-

tended available forecast projections from 72 to 84 h.  Be-

cause of communication limitations on the alphanumeric 

message, guidance for the additional projections and the 

complete suite of MOS probabilities and categorical fore-

casts was restricted to binary products encoded in BUFR 

(Binary Universal Form for the Representation of meteor-

ological data).  The BUFR products were initially imple-

mented in April 2001 for the 0000/1200 UTC cycles and 

in October 2001 for the 0600/1800 UTC cycles.  

13.2 MOS 2000 – observational sources 

During these initial implementations, the primary 

source of observations was the nationwide hourly avia-

tion observation network, hereafter designated as the 

METAR sites.  This network had undergone extensive 

changes since the early 1990’s, including automation, 

changes in reporting standards, and addition of stations.  

Allen (2001a) described the challenges in using these 

data in development. 

Other observational sources were soon incorporated 

into the MOS-2000 system.  For instance, the occurrence 

of thunderstorms was specified by the National Lightning 

Detection Network, and the occurrence of severe 

weather by the national Storm Data logs (Hughes 1999, 

Hughes 2001).  Because the NWS ASOS did not detect 

clouds above 12,000 ft, MDL used satellite cloud esti-

mates (Hughes 1996) to complement the automated re-

ports.  Snowfall observations were not reported by auto-

mated sites and were not mandatory in the METAR code.  

The MOS team obtained cooperative observer network 

data from NCDC and incorporated those observations 

into the MOS system (Cosgrove and Sfanos 2004).  MDL 

also transferred data from the National Data Buoy Center 

to include observations of wind direction, wind speed, 

temperature, and dewpoint at approximately 120 buoy 

and Coastal-Marine Automated Network (C-MAN) sites 

in the MOS system (McAloon 2005). 

13.3 MOS 2000 – initial developmental techniques  

Developmental guidelines established during the 

NGM MOS era were generally followed during the initial 

implementation of the GFS short-range guidance.  Ex-

cept for the probability of thunderstorms, the conditional 

probability of severe thunderstorms, the conditional prob-

ability of precipitation type, and the probability of snowfall 

amount, MOS guidance equations were developed for 

warm (April – September) and cool (October – March) 

seasons.  The developmental samples for these two sea-

sons included data between the first and last day of the 

season, and 15 days before the start and end of the sea-

son, if possible.  Equations for all weather elements ex-

cept max/min temperature, 2-m temperature, 2-m dew-

point, and 10-m wind direction and speed were devel-

oped from data combined for stations in relatively homo-

geneous regions.  For these excepted elements, single-

station equations were developed for each site in the 

MOS system when adequate observations (usually 

200 cases or more) were available.  Equations were often 

developed simultaneously for groupings of predictands to 

enhance consistency among guidance elements.  GFS 

predictors were available at 3-h temporal resolution and 

with greater vertical resolution than in previous MOS de-

velopments.  Both continuous and grid-binary model pre-

dictors were used.  Observations at t0 + 3 (t0 = 0000, 

0600, 1200, or 1800 UTC) were possible predictors for 

guidance out to 24 h; these observations were often 

treated as point-binary variables in the development of 

probability equations.  Categorical forecasts were ob-

tained from forecast probabilities by using the objective 

iterative approach to produce a bias of 1.0 on each of the 

probability categories or to maximize the threat score of 

the rarer categories while avoiding unacceptable biases 

in the guidance.  Categorical guidance was not required 

for PoP, probability of thunderstorms and severe thunder-

storms, and probability of precipitation occurrence. 

13.4 MOS 2000 – initial predictand definitions for 

short-range projections 

 For max/min temperature, 2-m temperature, and 2-

m dewpoint, the predictand definitions were identical to 

those in the NGM MOS development.  At the METAR and 

marine sites, the daytime max temperature was defined 

as the max temperature between 7 a.m. and 7 p.m. LST.  

The nighttime min temperature was the min temperature 

between 7 p.m. and 8 a.m. LST.  The min and max values 

were obtained via an MDL algorithm that used available 

hourly METAR or marine reports of temperature to esti-

mate the extrema.  Temperatures and dewpoints were 

valid at specific hours.  Carroll (2005) described the de-

velopmental approach for the operational GFS MOS sys-

tem to predict temperatures and dewpoints. 

Guidance for wind direction and speed was valid at 

specific hours.  The predictand from the METAR reports 

represented a 2-minute average wind direction and 

speed observed at the height of the anemometer, gener-

ally 10-m.  The u- and v-wind components were obtained 

from the observed direction and speed, and equations 

were developed simultaneously for u, v, and speed 

(Sfanos 2001). For buoy and C-MAN sites, the wind di-

rection and speed were observed at the height of the an-

emometer which varied among the sites from 5 to nearly 

50 m.  Thus, the predictand represented a non-standard 

wind direction and speed.  McAloon (2005) discussed the 

approach used in the GFS MOS guidance to normalize 

the marine wind guidance to a 10-m height. 
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Probabilistic and categorical guidance for total sky 

cover was valid at specific hours.  The predictand obser-

vations (that is, the category of total sky cover conditions) 

were obtained by combining METAR reports with the sat-

ellite cloud information described earlier.  In the initial im-

plementations, equations were developed to predict the 

probability of each of the following four categories: 

• Clear: 0 octas, 

• Scattered: > 0 to 4 octas of total sky cover, 

• Broken: > 4 to < 8 octas of total sky cover, 

• Overcast:  8 octas of total sky cover or totally 

obscured 

. 

Only the categorical guidance was included in the al-

phanumeric bulletin (Dallavalle and Erickson 2001a, 

2001b) for projections out to 72 h.  By May 2004, a 

change to add a fifth category (few) to total sky cover was 

necessary.  New equations were developed and imple-

mented to predict the probability of each of the following 

five categories:  

• Clear: 0 octas, 

• Few:  > 0 to 2 octas, 

• Scattered: > 2 to 4 octas, 

• Broken: > 4 to < 8 octas, 

• Overcast:  8 octas of total sky cover or totally 

obscured. 

Weiss (2001) described development of total sky cover 

guidance.  Dallavalle and Cosgrove (2005a, 2005b) de-

scribed the change in the alphanumeric bulletin. 

Probabilistic and categorical guidance for ceiling 

height was valid at specific hours.  As with sky cover, 

hourly METAR observations complemented by satellite 

cloud information provided the predictand for equation 

development.  In the initial implementations, equations 

were developed to predict the probability of each of the 

following seven categories: 

• < 200 ft, 

• 200 – 400 ft, 

• 500 – 900 ft, 

• 1000 – 3000 ft, 

• 3100 – 6500 ft, 

• 6600 – 12000 ft, 

• 12000 ft or unlimited ceiling. 

 

Weiss (op. cit.) described the development of the ceiling 

height guidance.  New requirements added an eighth cat-

egory to ceiling height in May 2004, namely, the 1000 to 

3000 ft category was divided into two categories:  1000 – 

1900 ft and 2000 – 3000 ft.  Dallavalle and Cosgrove (op. 

cit.) described the change in the alphanumeric bulletin. 

The probability of > 0.01 inches of liquid-equivalent 

precipitation (PoP) occurring at a specific site was pro-

vided for 6-, 12-, and 24-h periods.  The predictand ob-

servation for a 6-h period was obtained from the METAR 

6-h precipitation group.  Precipitation amounts for the 12- 

and 24-h predictands were calculated by summing appro-

priate 6-h values.  The probabilities of > 0.10, > 0.25, > 

0.50, and > 1.00 inches of liquid-equivalent precipitation 

(PQPF) occurring at a site were predicted for 6-, 12-, and 

24-h periods.  For the 12- and 24-h periods, probability 

guidance for a category of > 2.00 inches was also gener-

ated.  The predictand for the probability of precipitation 

amount (PQPF) equations was conditional on precipita-

tion occurring.  Since the PQPF were conditional, the 

MOS-2000 system used a simple algorithm to produce 

the unconditional probability of precipitation amount from 

the PoP and the PQPF.  This modification eliminated the 

duplication of PoP guidance that existed in the NGM 

MOS system.  Maloney (2002) describes the PoP/QPF 

approach used for Eta MOS; the same method was used 

for GFS MOS guidance. 

For the first time, probabilistic forecasts of thunder-

storms over the CONUS for all forecast periods were de-

veloped from lightning strikes reported by the National 

Lightning Detection Network (NLDN) and provided by 

NASA’s Global Hydrology Resource Center.  Since the 

NLDN did not detect lightning strikes far outside the land 

mass of the CONUS, MOS thunderstorm guidance was 

initially available only for the CONUS and adjacent 

coastal waters.  Since lightning observations were ran-

dom in time and space, a polar stereographic grid cover-

ing the CONUS with 47.625-km resolution at 60°N was 

established.  A thunderstorm event was defined as the 

occurrence of one or more lightning strikes within a grid 

box and within the appropriate 6-, 12-, or 24-h period.  

Hughes (2001) describes the GFS thunderstorm proba-

bility guidance for these periods. 

The severe thunderstorm predictand was defined by 

use of Storm Data reports, and was conditional upon the 

occurrence of a thunderstorm event.  The same grid and 

time periods used for thunderstorms were used for se-

vere weather, except that severe weather over the 

coastal waters was unavailable.  The seasons used for 

developing thunderstorm and conditional severe thunder-

storm probability equations were identical, that is, spring 

(March 16 – June 30), summer (July 1 – October 15), and 

cool (October 16 – March 15).  Given the occurrence of a 

thunderstorm, a severe thunderstorm was defined as a 

thunderstorm with wind speeds in excess of 50 kts, hail 

of 0.75 inches or greater diameter, or a tornado.   

Probabilistic and categorical guidance for precipita-

tion type (freezing, snow, or liquid) were provided for spe-

cific hours.  These forecasts were conditional, that is, the 

predictand was conditional upon precipitation occurring.  

The standard METAR observations valid at a specific 
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hour were used to specify the predictand.  Since auto-

mated stations do not always distinguish between precip-

itation types of light intensity, METAR reports of unknown 

precipitation were eliminated from the developmental 

sample.  Otherwise, reports of freezing rain, freezing driz-

zle, ice pellets, or any mixture of these with snow or rain 

were considered a freezing event.  Only pure snow 

events were categorized as frozen.  Rain or a mixture of 

rain and snow was considered liquid.  Forecast equations 

were developed for the September 1 – May 31 season.  

The precipitation type system was described by Allen and 

Erickson (2001). 

Probabilistic and categorical guidance for visibility 

was valid at specific hours.  The predictand observations 

(that is, the category of visibility conditions) were ob-

tained from the hourly METAR reports. In the initial im-

plementations, equations were developed to predict the 

probability of each of the following seven categories: 

• < ¼ mi, 

• > ¼ -  ½ mi, 

• > ½ - < 1 mi, 

• 1 - < 3 mi, 

• 3 - 5 mi, 

• 6 mi, 

• > 6 mi. 

 
Only the categorical guidance was included in the alpha-

numeric bulletin (Dallavalle and Erickson 2001a, 2001b) 

for projections out to 72 h.   

By May 2004, a change to the limits of the lower four 

categories of visibility was necessary.  At that time, new 

equations were developed and implemented to predict 

the probability of each of the following seven categories:  

• < ½ mi, 

• ½ - < 1 mi, 

• 1 - < 2 mi,  

• 2 - < 3 mi, 

• 3 - 5 mi, 

• 6 mi, 

• > 6 mi. 

Dallavalle and Cosgrove (2005) described the change in 

the alphanumeric bulletin. 

Probabilistic and categorical guidance for obstruc-

tions to vision were provided for specific hours at 3-h in-

tervals from 6 to 72 h after initial model time.  The stand-

ard hourly METAR observations were used to specify the 

predictand.  The predictand was defined as one of the 

following: 

• No obstruction to vision or obstruction is solely 

due to precipitation; 

• Haze, smoke, or dust; 

• Light fog or mist (that is, fog with visibility > 5/8 

mi); 

• Dense fog or ground fog (that is, fog with visibil-

ity < 5/8 mi; 

• Blowing snow, dust, or sand. 

 

Equations were developed to predict the probability of 

each of these categories; probability thresholds were 

used to generate categorical forecasts.  Because of the 

difficulty of accurately predicting blowing phenomena 

when the characteristics of the underlying surface are un-

known, the threshold procedure was designed so that 

blowing phenomena could only be predicted during the 

first 24 h of the forecast period.  The condition of no ob-

struction was the default guidance when no threshold 

was exceeded.  

The last element added to the GFS MOS alphanu-

meric message for the short-range was categorical snow-

fall amount.  Since NWS cooperative observers take 

measurements of snowfall at different times, significant 

effort was required to evaluate what the snowfall pre-

dictand should be.  Cosgrove and Sfanos (2004) found 

that the most common observation time was around 

1200 UTC, with a secondary maximum observing time 

occurring around 0000 UTC.  Thus, the predictand was 

defined as the 24-h snowfall from 0000 to 0000 UTC or 

from 1200 to 1200 UTC.  Sets of probability equations 

were developed for these 24-h periods and the appropri-

ate forecast projections.  The sets of probability equa-

tions for the cooperative observer sites included one for 

the 24-h PoP, another set for the conditional probability 

of snowfall exceeding a trace in 24 h, and a third set for 

the conditional probability of > 2 inches, > 4 inches, > 6 

inches, and > 8 inches during the 24-h period.  The four 

conditional probability equations were developed simul-

taneously to enhance consistency.  The three sets of 

probabilities were combined to produce the unconditional 

probability of snowfall during the 24-h period.  Categorical 

guidance for snowfall amount was obtained by using the 

objective iterative approach to maximize the threat score 

for the snowfall events while restricting the bias between 

0.9 and 1.1.  Since the snowfall system depended on re-

gionalized equations, guidance probabilities and categor-

ical amounts could be generated for all sites in a region.  

The categorical forecasts were available in the short-

range alphanumeric messages for 24-h periods ending at 

approximately 36 and 60 h after 0000 UTC; at 30 and 

54 h after 0600 UTC; at 24, 48, and 72 h after 1200 UTC; 

and at 42 and 66 h after 1800 UTC.  Guidance is available 

during September 1 – May 31.      

A number of other MOS products were developed, 

but were not added to the alphanumeric bulletins.  This 

guidance was important to local forecasters and was 

transmitted in BUFR products.  The conditional probabil-

ity of precipitation characteristics (PoPC), that is, drizzle, 

continuous precipitation, or showers, was available at 
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specific hours every 3 h from 6 to 84 h after initial model 

time.  The prediction equations were developed by using 

METAR observations of current weather at a specific 

hour, conditional upon precipitation occurring.  Reports of 

unknown precipitation were not included in the depend-

ent sample.  The probability of precipitation occurrence 

(PoPO) was provided for specific hours at 3-h intervals 

from 6 to 84 h after initial model time.  The standard ME-

TAR observation of current weather at the hour was used 

to define the predictand.  This probability is not the same 

as PoP which is guidance for measureable precipitation 

over an interval of time.  PoPO predicts the likelihood of 

precipitation occurrence at a specific time.  Analogously, 

guidance for PoPO over a 3-h interval (PoPO3) was also 

generated; the predictand for this element was defined by 

the occurrence of precipitation at any one of the four 

hourly observations spanning the 3-h interval.   

In 2006, guidance for the probability of gusts and for 

maximum gust speed (Rudack 2006) was developed 

from the METAR hourly gust observations.  The first pre-

dictand, namely, a wind gust of 14 kts or greater at the 

10-m anemometer level, was used to develop probability 

equations to predict the likelihood of the event.  Probabil-

ity thresholds designed to maximize the threat score for 

this event determined the categorical forecast.  The sec-

ond predictand was the reported wind gust, if the value 

was 14 knots or greater.  This restriction limited the size 

of the developmental sample; essentially, the second 

predictand provided a conditional estimate of the re-

ported wind gust.  For the short-range GFS MOS system, 

gust forecasts were available at 3-h intervals from 6 to 

84 h after the initial model time.    

Figure 13 shows a sample GFS short-range mes-

sage from the 0000 UTC cycle.  After the first alphanu-

meric message was implemented on May 30, 2000, MDL 

implemented a significant number of updated equations.  

Some of these equations were redeveloped to take ad-

vantage of additional developmental data.  Other equa-

tions corrected guidance deficiencies spotted by NWS 

forecasters or by MDL developers.  New equations were 

needed in January 2002, December 2003, June 2006, 

and March 2010, when guidance was added for approxi-

mately 320, 145, 88, and 118 more METAR sites, respec-

tively.  While the guidance in the alphanumeric message 

was a subset of all possible guidance values, all MOS 

guidance was transmitted in BUFR messages modified 

as new elements, new predictand definitions, or new pro-

jections were added to the MOS suite.  The initial BUFR 

messages were implemented in April 2001 for the 0000 

and 1200 UTC cycles, and in October 2001 for the 0600 

and 1800 UTC cycles.  By September 2002, guidance to 

78 h was appearing in the BUFR messages, and by De-

cember 2003, some guidance to 84 h was available in the 

messages.  The BUFR short-range messages were re-

designed in February 2005 to incorporate all available 

guidance.   

13.5 MOS 2000 - medium-range guidance based on 

the GFS 

The initial GFS MOS alphanumeric messages for the 

medium-range projections (Erickson and Dallavalle 

2000) were implemented on May 31, 2000, for the 0000 

UTC model run and for stations in the CONUS, Alaska, 

Hawaii, and Puerto Rico.  Designated as the MRF bulle-

tin, this message was designed to display much more 

guidance than the medium-range message of 1992.  The 

new MRF bulletin was to contain forecasts of the daytime 

max and nighttime min temperatures; hourly values of the 

2-m temperature and dewpoint; PoP and categorical 

quantitative precipitation forecasts (QPF) for 12- and 

24-h periods; probability of thunderstorms for 12- and 

24-h periods; mean total sky cover and maximum sus-

tained wind over 12-h periods; conditional probabilities of 

freezing rain, snow, and mixed precipitation during 12-h 

intervals; a conditional categorical forecast of those same 

precipitation events; and a categorical forecast of snow-

fall over successive 24-h periods ending at 1200 UTC.  

Since the bulletin was designed to aid the forecaster by 

providing guidance beyond the traditional 1- to 2- day pe-

riod, the guidance was available for projections of ap-

proximately 24 through 192 h after 0000 UTC, that is, the 

1- to 8-day period.  As an aid to the forecaster, normal 

max/min temperatures and climatic relative frequency of 

measureable precipitation in both 12- and 24-h periods 

were included, when available, for the 4th day of the fore-

cast period.   

In the May 2000 implementation, daytime max tem-

perature, nighttime min temperature, 2-m hourly temper-

ature, and 2-m hourly dewpoint guidance were available.  

The 2-m temperature and 2-m dewpoint guidance were 

valid every 12 h from 24 through 192 h after 0000 UTC.  

In late July 2000, the PoP and categorical QPF were 

added to the message.  The 12-h PoP was valid every 

12 h from 24 to 192 h after 0000 UTC; the 24-h PoP was 

valid every 24 h from 48 to 180 h after 0000 UTC (with an 

adjustment for sites in the Pacific).  The categorical QPF 

was valid only to 156 h because verifications of test guid-

ance indicated that no skill remained in the MOS QPF for 

projections beyond this time.   

In October 2000, mean total sky cover and condi-

tional precipitation type guidance were added to the mes-

sage for 12-h periods from 24 h to 192 h.  The mean total 

sky cover represented mean sky cover over a 12-h period 

categorized as three possibilities:  clear (mean cloudi-

ness < 31 %), partly cloudy (mixed clouds and clear skies 

or a mean cloudiness between 31 and 68 %), and over-

cast (mostly cloudy, a mean cloudiness > 68%).  The pre-

dictand for the equations to predict the conditional prob-

ability of precipitation type was defined by examining the 

13 hourly reports of observed weather between 0000 and 

1200 UTC or between 1200 and 0000 UTC (Allen 2001b).  

A minimum of seven reports with at least three reports of 
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precipitation was required to define a precipitation event.  

Any precipitation report that included freezing rain, ice 

pellets, or a mixture of these with another precipitation 

type qualified the event as a period of freezing rain.  A 

snow event required that all the precipitation reports be a 

type of snow (snow, snow grains, etc.).  A mixed 

rain/snow event was defined as one in which at least one 

of the precipitation reports was a mixture of rain and 

snow.  Finally, a rain event required that all the precipita-

tion reports be liquid, for instance, rain or drizzle.  Region-

alized-operator equations were developed and were valid 

for the period of September 1 – May 31.  Categorical fore-

casts were generated by the objective iterative technique, 

that is, probability thresholds were developed to produce 

maximum threat scores while aiming for a bias between 

0.98 and 1.02.  The freezing category was treated as the 

rarest event; rain was the default choice if none of the 

thresholds were exceeded.  

In May 2001, the probabilities of thunderstorms dur-

ing 12- and 24-h periods were added to the medium-

range guidance; the definition of a thunderstorm and the 

method of development were identical to that used for the 

short-range guidance.     

By March 2002, NCEP had changed the GFS sys-

tem so that each run of the model (at the four initial times 

of 0000, 0600, 1200, and 1800 UTC) was integrated out 

to a projection of 384 h (approximately 16 days).  MDL 

recognized that changes were necessary to unify the 

heretofore segregated MOS short- and medium-range 

systems.  A final implementation in the old paradigm for 

the maximum sustained wind speed was made in Sep-

tember 2002.  The predictand for developing the neces-

sary equations was based on the 13 hourly station obser-

vations between 0000 and 1200 UTC or between 1200 

and 0000 UTC.  The greatest wind speed during the 12-h 

period was defined as the predictand; equations were de-

veloped for each station and each projection from 24 to 

192 h after 0000 UTC (Cosgrove and Dallavalle 2005). 

The unification of the short- and medium-range GFS 

systems began in December 2003 when the categorical 

24-h snowfall amount was added to both short- and me-

dium range messages.  For the medium-range message 

(dubbed the GFSX, see Fig. 14) issued during the 

0000 UTC cycle, the categorical snowfall guidance was 

valid at approximately 48, 72, 96, and 120 h after 0000 

UTC.  New equations were implemented for max/min 

temperature, 2-m temperatures and dewpoints, PoP, 

QPF, and probability of thunderstorms.  Common sets of 

equations were used to produce the short- and medium-

range guidance messages for projections out to 84 h.  

In September 2005, the MOS medium-range guid-

ance message for the 1200 UTC cycle was added.  Ini-

tially, guidance included the same elements as were pre-

sent in the 0000 UTC message, except for sustained wind 

speed, conditional precipitation type, and mean total sky 

cover (Cosgrove and Dallavalle 2005).  Guidance for 

these latter elements was to be added, when available.   

As was the case with the short-range guidance, 

BUFR messages for the medium-range projections were 

implemented in April 2001 and modified as required.  In 

October 2005, 2-m temperature, 2-m dewpoint, wind di-

rection, and wind speed at projections every 3 h from 6 

to 192 h were added to the BUFR messages, messages 

for the 1200 UTC cycle were implemented, and the mes-

sages underwent a substantial revision to reflect the evo-

lution of the medium-range guidance. 

13.6 MOS 2000 – adjustments and improvements to 

station guidance 

A number of changes were made to the MOS system 

during 2006 through 2012 that affected both the short- 

and medium-range guidance.   For instance, the original 

thunderstorm probability equations used a predictand 

based on lightning strikes occurring in an approximately 

48-km grid.  In April 2006, new thunderstorm probability 

equations (Hughes and Trimarco 2004) based on an ap-

proximately 40-km Lambert conformal grid were imple-

mented for both the short- and medium-range projec-

tions. 

In June 2006, the inflation procedure applied to the 

wind speed guidance was modified to eliminate changes 

to wind speeds predicted to be less than the mean value 

observed during development.  For nearly 3 decades, the 

traditional approach had been to increase speeds greater 

than the mean and to decrease speeds less than the 

mean, thus generating a greater number of calm or near 

calm winds.  The 2006 modification eliminated the over-

forecasting of light winds.  In July 2006, wind direction 

and speed guidance became available in the medium-

range products for projections every 3 h from 12 to 192 h 

in advance.  Because of the availability of these time-spe-

cific forecasts, the process for predicting the greatest 

sustained wind speed in 12-h periods was modified.  In-

stead of independent equations to predict the sustained 

wind speed, the maximum sustained wind speed was the 

greatest of the five wind speeds predicted during the 

0000 - 1200 or 1200 – 0000 UTC window (Cosgrove and 

Dallavalle 2005).  

In June 2007, total sky cover guidance for the short-

range was replaced with opaque sky cover guidance 

(Yan and Zhao 2009).  Equations to predict the probabil-

ity of clear, few, scattered, broken, and overcast condi-

tions (with the same octa breakpoints as used for total 

sky cover) were developed by using an estimate of 

opaque, rather than total, sky cover.  For both total and 

opaque sky cover, the Effective Cloud Amount (ECA) 

given by the Satellite Cloud Product (Kluepfel et al. 1994) 

was used to complement ASOS cloud reports.  The algo-

rithm for opaque sky cover was modified by Yan and 

Zhao to account for the presence of translucent clouds 
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that indicated greater total sky cover than opaque sky 

cover.  For public and aviation weather prediction, 

opaque sky cover conditions were of primary importance.  

This development also reverted to single-station equa-

tions for cloud cover, when feasible.  This modification 

reversed the regional-equation approach in use for ap-

proximately 3 decades.   

In May 2008, thunderstorm probability equations to 

predict thunderstorms for 3-, 6-, 12-, and 24-h periods in 

Alaska were implemented (Shafer and Gilbert 2008).  

These equations were developed from a sample of light-

ning data over Alaska.  The approach was analogous to 

that used in the CONUS with the lightning strikes being 

located on a 48-km grid over Alaska.  The probability 

guidance was added to both the short- and medium-

range alphanumeric messages, as appropriate.  All guid-

ance values were added to the BUFR messages. 

New equations were implemented in March 2010 to 

generate precipitation type guidance for both the short- 

and medium-range projections.  Shafer (2010) used an 

extended developmental sample of GFS model output, 

logit 50% values, transformed predictors, and high-reso-

lution climatologies (Baker et al. 2009) to develop region-

alized-operator equations.  In tests on independent data, 

these equations produced guidance with notable im-

provement over the older guidance developed in the early 

2000’s.  Also, in March 2010, the daytime max tempera-

ture for Alaska was redefined as the max temperature 

during the period of 5 a.m. to 8 p.m. LST.  Similarly, the 

nighttime min temperature definition was changed to be 

the min temperature during the 5 p.m. – 11 a.m. LST pe-

riod.  Definitions for daytime max/nighttime min tempera-

ture remained the same for all geographic sites outside 

Alaska (Maloney et al. 2010).  

13.7 MOS 2000 - short-range guidance for islands in 

the western Pacific 

NWS responsibilities to support forecast operations 

in Guam and other islands in the western equatorial Pa-

cific Ocean required that MDL provide MOS guidance for 

these locations.  To do a MOS development, MDL estab-

lished a new archive of GFS model variables valid on a 

mercator grid with 80-km resolution and encompassing 

the western Pacific.  This archive was done retrospec-

tively from NCEP run history archives and was similar to 

the primary GFS archive in terms of temporal and vertical 

resolution.  In April 2005, MDL implemented wind guid-

ance for Midway Island and Pago Pago, American Sa-

moa.   This marked the first time MDL had developed 

guidance for a station in the Southern Hemisphere.  In 

June 2005, wind guidance was added for 13 more loca-

tions in the western Pacific (Su 2005a, 2005b).  In April 

2007, PoP and PoPO forecasts (Su 2007) were added to 

guidance messages for the 15 island sites.  In September 

2008, temperature and dew point guidance were also in-

cluded in the short-range message.  In November 2013, 

total sky cover and ceiling guidance completed the 

planned message (Su et al. 2013) for the 0000 and 

1200 UTC forecast cycles  

14.  Gridded MOS 

The vast majority of MOS products generated during 

the 20th century were alphanumeric bulletins.  These bul-

letins contained only a small percentage of the forecast 

guidance potentially available.  Graphics for the CONUS 

of max/min temperature, probability of precipitation, 

some thunderstorm probabilities, and, for several years, 

flight weather guidance, existed for limited projections.  

When these graphics displayed isopleths of temperature 

or of probabilities, the contours were based on values at 

225 to 250 stations analyzed by the Cressman succes-

sive correction scheme (Cressman 1959) on a polar ste-

reographic grid with approximately 90 km resolution (au-

thor’s notes).  Communications bandwidth and pro-

cessing power available to local NWS forecast offices 

dictated the restrictions on graphics. 

As processing power and storage capacity in-

creased, the Internet flourished, MOS developers real-

ized the value of “pictures” displaying the vast array of 

MOS guidance, and NCEP displayed abundant model 

forecast graphics on the Internet, the MOS team began 

to post graphics on the internet in the late 1990’s and the 

early 2000’s.  For instance, in April 2002, graphics of the 

new GFS and GFSX guidance were displayed on web 

pages.  However, like the alphanumeric bulletins, the 

graphics had neither the resolution nor the flexibility to aid 

the forecaster in generating forecast products for a wide 

variety of users at a resolution satisfying user require-

ments.  True gridded products, that is, products in a 

standard digital form, were needed. 

14.1 NWS evolution – requirements for gridded (bi-

nary) guidance 

When the NWS declared the National Digital Fore-

cast Database (NDFD, Glahn and Ruth 2003) operational 

in late 2004 (Glahn 2005), a new era had begun in which 

official NWS products were available in digital form on 

high-resolution grids covering the United States, parts of 

the eastern Caribbean, and sectors of the western Pa-

cific.  NWS forecasters generated these grids through 

use of the Interactive Forecast Preparation System 

(IFPS, Ruth 2002).  Forecasters edited or manipulated 

grids to generate the final product; however, optimal in-

teraction required that an initial grid with the proper reso-

lution and some of the desired predicted features be 

available.  Candidate grids for initialization included out-

put from an NWP model “downscaled” to the NDFD grid 

resolution, a grid created during a previous forecast cycle 

and valid at the same time (“continuity”), or grids for the 

NDFD forecast elements created by NCEP.   Yet another 

solution was to use forecast grids created by the MOS 

approach.  The challenge became one of adapting MOS 
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to meet the NWS requirement for high-resolution gridded 

guidance. 

14.2 Adapting MOS requirements for high-resolution 

guidance 

In the traditional use of the MOS technique, obser-

vations at specific observing sites are related to NWP 

model variables, previous observations, and geo-climatic 

data, such as terrain elevation or the climatic average of 

the event of interest.  The resulting forecast equations are 

used operationally to generate an objective interpretation 

of the underlying NWP model in terms of weather ele-

ments that forecasters include in their daily forecast prod-

ucts.   

An historical sample of observations at specific ob-

serving sites is essential for this usage of MOS.  For cer-

tain weather elements such as temperature, dewpoint, or 

wind speed, the historical sample of observations and 

model data is adequate to derive “single-station” equa-

tions for each station in the MOS system, each forecast 

cycle, and each projection.  The single-station equations 

generate guidance that is highly tuned to the specific ob-

serving site.  For other weather elements, such as PoP, 

observations of the event of interest are often inadequate 

to develop stable forecast equations.  Consequently, ob-

servations and forecast model data for stations in a rela-

tively homogeneous area are combined to develop equa-

tions that can be applied to any of the stations in that 

area.  Often, geo-climatic variables such as station ele-

vation or the relative frequency of the observation of in-

terest are used to provide additional station specificity.  In 

general, the “regionalized-equation” approach does not 

produce guidance as tuned to individual sites as the sin-

gle-station equations.   A “generalized-operator” equation 

is developed when all data from a large, heterogeneous 

area, such as the CONUS, are combined in the develop-

mental sample.  Geo-climatic variables may be used to 

compensate for the lack of tuning to individual locations. 

One possible approach, then, to the problem of de-

veloping high-resolution MOS guidance is to derive re-

gionalized or generalized-operator equations that can be 

applied to every “site” or grid point on the high-resolution 

grid.  This approach requires that the equations be devel-

oped by using NWP model data and geo-climatic varia-

bles that provide good site specificity.  Because guidance 

generated in this way is less accurate than guidance gen-

erated by single-station equations, a variant on this ap-

proach is to combine guidance produced by equations for 

individual sites with guidance made by generalized-oper-

ator equations.  One way to combine the two sets of guid-

ance is to analyze the single-station guidance with the 

generalized-operator guidance serving as a first-guess 

background field.  Successful analysis requires that as 

many observing sites as possible be included in the MOS 

system and that the analysis scheme use high-resolution 

geo-climatic data to adjust for terrain, land use, or water 

influences. 

Another approach to providing high-resolution MOS 

guidance is to obtain observational data at each grid point 

and use those data in equation development.  With in situ 

observations, of course, this density of reporting sites is 

not possible.  However, the use of remote-sensing data 

as a source of observations makes this approach feasi-

ble.  Remote-sensing data, random in space and time, 

can be projected on a grid of regularly spaced points for 

a specific interval of time.  By using this developmental 

method, MOS guidance is valid for a grid of some pre-

specified resolution.  Hughes (2001) described GFS-

based MOS thunderstorm guidance where this approach 

was applied. 

14.3 Station observations 
 

As discussed previously, the standard source for 

MOS guidance at stations was the MDL archive of hourly 

surface observations at METAR sites throughout the 

U.S., the Caribbean, and the western Pacific.    In addi-

tion, C-MAN and buoy data for marine sites as well as 

NWS cooperative observer reports had been obtained to 

provide observations along coastal regions and in areas 

where few aviation reports were available.  Initially, in 

2005, approximately 1500 METAR sites, 120 marine 

sites, and 5500 cooperative observer sites were added to 

the MOS system (Dallavalle and Glahn 2005).  Particu-

larly in the western CONUS, the spatial density of sites 

was still insufficient to support guidance at 5-km resolu-

tion. 

For a better sample of temperatures and winds, MDL 

obtained archived reports from the MesoWest station net-

work (Horel et al. 2002).  According to Horel et al., the 

MesoWest network in 2001 included weather information 

at over 2800 sites in the western CONUS.  MDL elected 

to use sites primarily from the Remote Automated 

Weather Stations (RAWS) and the Snowpack Telemetry 

(SNOTEL) networks.  For the most part, observations 

from state department of transportation networks were ig-

nored because of concerns about siting and representa-

tiveness of the reports.  Most of the MesoWest sites re-

ported hourly temperatures; some also reported wind 

speed, wind direction, wind gusts, and relative humidity.   

Two other sources of data contributed to the ex-

panded set of MOS sites in the western CONUS.  In the 

late 1990’s, the NWS Office of Hydrology asked MDL to 

provide max/min temperature guidance for a number of 

locations in the NWS Northwest, Missouri Basin, and Col-

orado Basin River Forecast Centers (RFCs).  The RFCs 

provided the observations for the sites of interest, and 

MDL, in turn, developed and disseminated the guidance 

for use in RFC operations.  In addition, in 2004, the Cali-

fornia-Nevada RFC provided hourly temperature data for 

approximately 200 sites in the Sierra-Nevada Mountains 
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that seemed unavailable in the MesoWest network.  

When all data were quality-controlled and all possible 

sites were included, by early 2006 the MOS system in the 

western CONUS consisted of approximately 300 ME-

TAR/marine sites, 1325 cooperative observer sites, 

1175 MesoWest sites, and 80 RFC sites (Fig. 15).  

14.4 Remote-sensing observations 

The second approach to providing high-resolution 

MOS guidance is to use remote-sensing data from radar, 

satellite, or lightning detection networks.  As discussed 

earlier, observations from the lightning detection network 

were used in developing GFS-based thunderstorm prob-

abilities for a grid.  Hughes and Trimarco (2004) de-

scribed changes in the thunderstorm guidance when the 

resolution of the grid on which the lightning strikes were 

located was changed from approximately 48 to 40 km.  

Antolik (2004) discussed the use of radar and gauge pre-

cipitation estimates to create a gridded MOS product 

providing probability of precipitation amounts on a high-

resolution (4 km) grid over the CONUS.   Shafer and Gil-

bert (2008) described the development of thunderstorm 

guidance over Alaska by using lightning strike data on a 

48-km grid as predictand values in the MOS regression 

scheme.  With the availability of high-resolution geo-cli-

matic datasets such as terrain elevation, slope, aspect, 

land/water coverage, land use, and land characteristics, 

the possibility of creating interactive predictors between 

these variables and NWP model fields and then generat-

ing forecasts on a high-resolution grid was a logical ex-

tension of MOS techniques used previously.  Sheets et 

al. (2005) and Trimarco et al. (2005) described the use of 

geographical information systems in preparing geo-cli-

matic data for use in MOS development.   

14.5 Creating gridded MOS forecasts   
 

Glahn and Dallavalle (2006) presented approaches 

to providing MOS guidance on the same grid used for the 

NDFD.  To summarize, three approaches were possible: 

• analyze the MOS site-specific guidance on the 
NDFD grid; 

• use regionalized MOS equations developed 
from site-specific observations, and apply the 
appropriate equation at each grid point of the 
NDFD grid; 

• develop MOS equations from observational 
data available at each grid point of the NDFD 
grid.   

 
In fact, the MOS team developed regionalized equations 

for elements such as temperature and winds (the second 

approach), but accuracy and details seen in the guidance 

were unacceptable.  Remote-sensing observations when 

mapped to a grid and used as predictands in equation 

development was a variation of the third approach.  How-

ever, unless the predictand grid was identical to the 

NDFD grid, additional processing of guidance was nec-

essary to get the resolution of the NDFD grid.  The first 

approach was feasible, if guidance was available at 

enough sites to resolve important meteorological fea-

tures, and if a sophisticated analysis program was avail-

able to preserve and/or infer those important features. 

 

As indicated previously, stations had been added to 

the GFS MOS system.  Moreover, Bob Glahn (Glahn et 

al.1985) had previously developed a sophisticated anal-

ysis program for the Local AFOS MOS Program (LAMP).  

The code was adapted from analysis techniques de-

scribed by Bergthorssen and Doos (1955) and by Cress-

man (1959); Bob Glahn called the LAMP code the BCD 

analysis in recognition of the three individuals.  Bob now 

added a level of sophistication to the BCD code so that 

land and water gridpoints and stations were treated dif-

ferently, and variations in the guidance dependent on el-

evation were adjusted by using available data.  This latter 

adjustment essentially provided a three-dimensional 

character to the analysis and attempted to account for 

vertical variations of a meteorological quantity in complex 

terrain.  The new analysis approach was named the 

BCDG technique.  

Glahn et al. (2009) described the BCDG scheme 

used to analyze MOS forecasts on the 5-km NDFD grid.  

The extension of the BCD analysis to the BCDG ap-

proach was initially comprised of three components, 

namely, the use of the forecasts themselves to specify 

the variations of a meteorological quantity like tempera-

ture with elevation (called the vertical change with eleva-

tion or VCE), the designation of each grid point as land, 

inland water, ocean water, or shoreline (both land and in-

land water), and a contour-following smoother that was 

designed to smooth analyzed grid values when elevation 

changed only slightly, and yet the local details in the anal-

ysis were judged to be important. 

Like all BCD (or successive correction) analysis 

schemes, the BCDG scheme had an extensive array of 

options that could be employed to analyze MOS guid-

ance.  These included the first-guess, radius of influence, 

number of passes to use in the analysis, elimination of 

site-specific guidance outside the range of expected val-

ues, type of correction to use, careful treatment of vertical 

lapse rates indicating temperature inversions, and the 

contour following smoother.  The designation of grid 

points as representing land, inland water, ocean water, or 

a combination of land and inland water meant that three 

analysis schemes were used in the BCDG technique with 

accompanying complexity for each.  This designation of 

grid points and the need for high-resolution terrain fields 

highlighted the necessity of geographical information sys-

tems to obtain the requisite data.  Glahn et al. (2009) 

used analysis of the MOS max temperature forecasts as 

an example of the power of the BCDG approach.  This 

example also highlighted the need for additional quality-
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control options to enforce meteorological consistency in 

the analyzed MOS guidance.  For instance, the max tem-

perature value at a grid point must be equal to or greater 

than the hourly temperatures at the same grid point dur-

ing the simultaneous daytime.  Similarly, the hourly dew-

point at a grid point must be less than or equal to the tem-

perature at the same grid point and hour.  These types of 

checks were built into the post-processing of the site-spe-

cific MOS guidance, but they were also necessary for the 

analyzed MOS guidance.  Figure 16 is an example of the 

gridded MOS temperature field over the western CO-

NUS. 

The elimination of MOS guidance that seemed out-

side the bounds of “reasonable” was necessary to avoid 

bulls-eyes in the analysis.  When the MOS team added 

cooperative observer and MesoWest sites to the MOS 

system, extensive quality-control checks were instituted 

to eliminate stations that seemed to report “unusual” val-

ues.  “Unusual” was defined to be average values or 

standard deviations of the observations that were seem-

ingly inconsistent with those of neighboring sites.  As will 

be seen in the next section, elimination of more sites was 

necessary.   

Finally, the BCDG software featured a consensus 

approach that included two members.  The final analysis 

was the average of the MOS guidance analysis valid at 

the same projection and obtained from the current and 

previous forecast cycles. 

14.6 Implementation of gridded MOS 
 
On August 15, 2006, gridded MOS became opera-

tional (Glahn et al. 2009) on the CONUS 5-km NDFD grid 

for daytime max temperature and nighttime min temper-

atures out to 7 days; 2-m surface temperature, 2-m sur-

face dewpoint, 2-m relative humidity, and 10-m wind 

speed and direction at 3-h intervals out to 192 h; 3-h prob-

ability of thunderstorms at 3-h intervals out to 84 h; and 

6- and 12-h probability of precipitation and of thunder-

storms out to 192 h.  On June 5, 2007, opaque cloud 

cover and wind gusts at 3-h intervals out to 192 h, 24-h 

categorical snow amounts out to 132 h, and 6- and 12-h 

quantitative precipitation amounts out to 156 h were 

added to the gridded MOS package.   Other changes fol-

lowed: 

• December 2007:  new land/water mask, 

and precipitation amount analysis; sites 

with questionable guidance removed; 

• June 10, 2008:  gridded MOS for Alaska on 
the 3-km NDFD grid: guidance for max/min 
temperature; 3-h temperature, dewpoint, 
and relative humidity; 3-, 6-, and 12-h thun-
derstorm probabilities; 

• August, 2008:  consensus wind forecasts 
for CONUS ended; 

• December 2008:  guidance added to grid-
ded MOS for Alaska:  6- and 12-h probabil-
ity of precipitation; 3-h wind direction, 
speed, and gusts; and 3-h total sky cover; 

• January 2010:  guidance added to gridded 
MOS for Alaska:  6- and 12-h quantitative 
precipitation amount and 24-h snowfall; 

• January 2010: 24-h snowfall amount guid-
ance for additional projections to 156 h 
available for CONUS and Alaska; 

• November 9, 2010:  gridded MOS available 
for Hawaii on the 2.5 km NDFD grid. 

See https://www.nws.noaa.gov/mdl/synop/changes.php 
for additional details. 
 

Gilbert et al. (2009) discussed some of these 

changes with particular emphasis on the value of fore-

caster comments aiding improvement of the gridded 

MOS package.  Since the first MOS products were imple-

mented in the 1970’s, the input of the user community 

was a critical component of the guidance improvement 

process.  The other critical component was verification of 

the MOS guidance in comparison to the human forecasts.  

Ruth et al. (2009) showed errors of the 1- and 2- day fore-

casts for max/min temperature and PoP since the late 

1960’s and how both the local forecasts and objective 

guidance improved over a nearly 40-year period.   At the 

time the Ruth analysis was done, forecasts for day 2 were 

as accurate as the forecasts for day 1 approximately 10 

to 15 years earlier.  Ruth et al. also found that gridded 

MOS was providing good guidance to the forecasters for 

projections out to a week in advance and that the skill of 

the gridded MOS was comparable to that of the human 

forecaster.   

14.7 High-resolution MOS guidance 
  

On February 27, 2012, an experimental package of 

gridded MOS guidance became available on the CONUS 

2.5 km grid.  On March 13, 2012, a true high-resolution 

PoP and quantitative precipitation product (Charba and 

Samplatsky 2011) replaced the traditional station-based 

gridded MOS PoP and quantitative precipitation guidance 

products.  The improved high resolution guidance was a 

landmark development.  Guidance was generated by 

equations developed from archived stage IV national mo-

saic precipitation data that combined radar and gauge es-

timates with human quality-control at the RFC’s.  These 

improved estimates were available on a 4-km grid and 

provided predictand data for MOS development.  High-

resolution observed data obtained from a combination of 

remote-sensing and in situ measurements, detailed cli-

matic frequencies of precipitation amounts, geographic 

information available via geographical information sys-

tems, and interactive predictors that preserved both the 

model and underlying climatic influences validated the 

MDL claim that the MOS approach would generate skillful 

high-resolution guidance if high-resolution predictand 

data were available.  
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Gilbert et al. (2015) summarized the MOS system as 

it existed after the implementation of the gridded guid-

ance.  At that point, MOS guidance was produced for 

more than 11,000 sites in the U.S. and its territories, and 

on grids as fine as 2.5 km resolution.  Accordingly, the 

guidance required “7 hours a day of run time on the NWS 

production supercomputer, 150132 lines of executable 

code, and 3.7 million unique statistical equations” – a far 

cry from the early 1970’s when the MOS system pro-

duced a few rudimentary bulletins and consisted of ap-

proximately 3,000 equations. 

15.  FINAL THOUGHTS    
 

I was fortunate enough to be a member of the NWS 

from December 1973 through October 2006. During my 

first year, I was a meteorological intern with the Forecast 

Division of NMC. Among other lessons, I learned two as-

pects of NWS culture that served me well at work and in 

life.  The first was that the operational weather product 

was our top priority.  The product had to go out.  If that 

meant an intern had to sprint down a hall to deliver a chart 

to the fax room by the deadline, so be it.  If a shift went 

overtime because of weather or sickness, that was part 

of the job.  The customer, namely, the field forecaster and 

ultimately the U. S. citizen, was our primary obligation.  

Always pay attention to the important stuff.  The second 

lesson was that when lacking reliable data (for instance, 

analyzing weather maps over the Pacific Ocean or Sibe-

ria), follow continuity. 

For the next 32 years, I was a developer, program-

mer, implementer, supervisor, and branch chief with 

TDL/MDL.   Obviously, I saw a lot of change during that 

time.  But one thing was always true, namely, that NWS 

employees were committed to their job and were mission-

driven.  I was fortunate to work with so many dedicated 

people.  The MOS system required substantial help from 

NMC/NCEP, the NWS communications staff, NWS pro-

gram managers, and Regional Headquarters in order to 

implement products.  We sometimes disagreed, but the 

field forecasters and the products were ultimately every-

one’s concern.  The field forecasters helped us in 

TDL/MDL to create better products with their questions, 

concerns, and suggestions.  

Without doubt, the increase in computer resources 

and the advance of technology (remote-sensing observa-

tions, GIS, etc.) were absolutely essential to the success 

of MOS.  I have a hard time comprehending the numbers 

of MOS equations and products now available, especially 

compared to the 1970’s and 1980’s.  But improvements 

in post-processing NWP variables were also due to the 

human factor, namely, the leadership and vision of the 

people in charge of the NWS at the highest levels, and 

the perseverance of NWS employees.  We in TDL/MDL 

were fortunate to work for Dr. Bill Klein in the 1970’s, and 

for Dr. Bob Glahn who served as director from 1976 

through 2012.   Bob’s vision, organizational skills, and 

perseverance were absolutely essential to the success of 

MOS.  I can honestly say that I enjoyed working with my 

TDL/MDL co-workers.   
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Figure 1.  One of the first PEATMOS National Facsimile (NAFAX) charts for the probability of 0.01 inches or more of 

liquid precipitation (PoP) in a 12-h period.  This chart was issued during the 1200 UTC forecast cycle on January 
3, 1972.  The PoP guidance was valid for the 12-24 h projection ending at 1200 UTC on January 4, 1972.  Note 
that the isolines and labels were hand-drawn. 
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Figure 2.  A panel from a four-panel facsimile chart displaying PoPs (solid lines) and probability of frozen precipitation 

(dashed lines).  Where the PoP exceeds 45 %, the snowflake represents a categorical forecast of snow.  
The raindrops represent a forecast of rain.  Note that unlike Fig. 1 generated at the beginning of 1972, this 
graphic is machine-drawn. 

 

 

 
Figure 3.  The FOUS12 message in 1975 based on PEATMOS equations. 
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Figure 4.  Two panels of the 4-panel facsimile chart displaying the MOS cloud cover, wind direction and speed, and 

flight weather (combined ceiling height and visibility conditions) for the 12- and 18-h forecasts from 0000 
UTC on November 10, 1976.  The MOS guidance was based on PEATMOS equations. 

 
 
 

 

 
Figure 5.  The PEATMOS FOUS12 in 1978.  This was the high-water mark of MOS guidance developed from the PE 

and atmospheric trajectory models.  Note that guidance for clouds, ceiling height (CIG), and visibility (VIS) 
displayed probabilities and categorical values. 

 
 
                                                                                           

 
Figure 6.  FMAK1 message containing LFM-based MOS guidance for Anchorage, AK.   
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Figure 7.  Computer-worded forecast generated from LFM MOS guidance (shown) in 1979.   

 

 
Figure 8.  The LFM-based MOS guidance message for Washington, D.C. issued from the 1200 UTC cycle on Janu-

ary 1, 1988. 
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Figure 9.  Significant milestones in statistical development between 1972 and 1990.  The following abbreviations are 

used for the weather variables:  PoP:  probability of precipitation; PoF:  conditional probability of frozen pre-
cipitation; PoPT:  conditional probability of precipitation type; MX/MN:  maximum/minimum temperature; 
Cloud Amt:  probability and categorical cloud amount guidance; Vis:  probability and categorical surface visi-
bility guidance; Precip Amt:  probability and categorical quantitative precipitation guidance; Snow Amt:  prob-
ability and categorical snow amount guidance; 3-h Temp:  air temperature at 2-m elevation (“shelter” tem-
perature) and valid at 3-h intervals; 3-h Dew Point:  dew point at 2-m elevation and valid at 3-h intervals.  
The green outline indicates the start of guidance from a particular model.  The red outline indicates termina-
tion of the guidance. 

 
 

 
Figure 10.  NGM-based MOS guidance (FOUS14) when first implemented in 1989. 
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Figure 11.  The complete NGM-based MOS guidance message (FOUS14) issued on March 6, 1991, for Washington, 

D.C. 
 
 
 

 
Figure 12.  The MRF-based medium-range guidance message issued for Albany, NY from the 0000 UTC run of the 

Global spectral model.  At this time, the guidance was a combination of both MOS and modified perfect prog 
approaches. 
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Figure 13.  The GFS-based MOS short-range guidance message issued on February 2, 2004, 0000 UTC cycle for 

Albany, NY. 
 
 

 
Figure 14.  The GFS-based MOS medium-range guidance message issued on March 3, 2010, 0000 UTC cycle for 

Sioux Falls, SD. 
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Figure 15.  Map of the western CONUS displaying the elevation and locations of the sites for which MOS temperature 

forecasts are generated.  The legend indicates the type of observing site. 
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Figure 16.  An example of the BCDG analysis used to generate gridded MOS guidance in support of the NDFD.  The 

plotted numbers indicate GFS-based MOS forecast temperatures valid 27 hours after 0000 UTC, July 15, 
2004.  Colors indicate temperatures according to the color scale shown to the left of the map.  Note the den-
sity of stations as well as the detail in the temperature field.  This analysis was done on the 5-km NDFD grid. 


