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ABSTRACT

	 The weather forecast effort has progressed a long way past �ts embryon�c stage of the baro-
trop�c forecast.  Both computer power and our knowledge of atmospher�c processes have �ncreased 
substantially over the years, allowing for the classification of many weather phenomena into scales, 
�nclud�ng the global/hem�spher�c scale, the synopt�c scale, the mesoscale, and the m�croscale.  These 
scales represent the cascade of energy that occurs �n the atmosphere, w�th hem�spher�c features 
prov�d�ng energy for the synopt�c scale, synopt�c features prov�d�ng energy for the mesoscale, and so 
forth.  The forecast process, �n fact, can often be analogous to a funnel, �n wh�ch the forecaster ex-
am�nes hem�spher�c phenomena �n order to better forecast synopt�c-scale phenomena, and synopt�c-
scale phenomena �n order to better forecast mesoscale phenomena.  Many observat�on and model-
�ng tools ex�st to a�d the forecaster along the way, �nclud�ng RAOB sound�ngs, satell�te �magery, w�nd 
profiler data, radar data, lightning data, and model data, and all are useful in mesoscale forecasting.  
When perform�ng a mesoscale forecast, however, �t �s prudent to use a mesoscale model, such as the 
A�r Force Weather Agency’s (AFWA) Weather Research and Forecast�ng (WRF) model, wh�ch can 
describe atmospheric features on medium to small scales because of its finer resolution.  In addition 
to many other products, the AFWA WRF may be used to produce forecast sound�ngs for thousands of 
specific points on a given forecast map, as well as meteograms that illustrate forecast evolution with 
t�me, and cross-sect�ons that enable the forecaster to d�agnose vert�cal atmospher�c structure.  The 
forecaster must also use h�s or her knowledge of the local topography to determ�ne how the topogra-
phy will influence the mesoscale weather.  All of these tools, in addition to the forecaster’s knowledge 
of local climatology, will enable him or her to concoct a mesoscale forecast with a firm scientific basis.    			



v

Table of Contents

Abstract  .......................................................................................................................................... �v

Acknowledgements ..........................................................................................................................v��

1.  Introduct�on ..................................................................................................................................8

2.  The Scales of Mot�on ...................................................................................................................9

3.  The Mesoscale ............................................................................................................................12

4.  The Forecast�ng Process, a.k.a., The Forecast Funnel ..............................................................13
   a.  The Hem�spher�c Scale ......................................................................................................15
   b.  The Synopt�c Scale ............................................................................................................18
   c.  Satell�te Imagery ................................................................................................................20
   d.  Sound�ngs (RAOBS) ..........................................................................................................20
   e.  Wind Profiler Data ..............................................................................................................24
   f.  L�ghtn�ng Data .....................................................................................................................25
   g.  The Bas�c Conceptual Model .............................................................................................26

5.  Mesoscale Forecast�ng................................................................................................................26

6.  Apply�ng the AFWA WRF Model ..................................................................................................28
   a.  Determ�n�ng Upward Vert�cal Mot�on (UVM) ......................................................................28
   b.  Mesoscale Tools ................................................................................................................30
    (1).  L�ghtn�ng data. ...........................................................................................................30
    (2).  Doppler Radar. ...........................................................................................................31
    (3).  Mesoscale Analyses and Prognoses. ........................................................................31
    (4).  Sound�ngs. .................................................................................................................33
    (5).  Meteograms. ..............................................................................................................33
    (6).  Wind Profiler Data. .....................................................................................................35
    (7).  Local Topography. ......................................................................................................35
   c.  Model B�ases and Trends...................................................................................................37
   d.  Mesoscale Conceptual Models. .........................................................................................37

7.  Conclus�on:  A Concept of Operat�ons (CONOPS) for WRF .......................................................37
  
B�bl�ography ......................................................................................................................................39



v�

Figures

F�gure 1.   Atmospher�c Mot�on Scales ......................................................................................... 9
F�gure 2.  Kolmogorouf Energy Spectrum ................................................................................... 10
F�gure 3.   The Forecast Funnel .................................................................................................... 14
F�gure 4.   Standard 500mb plot .................................................................................................... 15
F�gure 5.   Standard 300 mb plot ................................................................................................... 16
F�gure 6.  Hem�spher�c Cloud Analys�s ........................................................................................ 17
F�gure 7.   RAOB from Omaha, NE ............................................................................................... 21
F�gure  8.   L�fted Index Analys�s .................................................................................................... 22
F�gure  9.   K-Index Forecast .......................................................................................................... 23
F�gure 10.   L�fted Index Forecast ................................................................................................... 23
Figure 11.  Wind Profiler Plot ......................................................................................................... 24
F�gure 12.  L�ghtn�ng Plot ............................................................................................................... 25
F�gure 13.  Large Area Radar Summary ........................................................................................ 25
F�gure 14.   Coord�nate Spac�ng ..................................................................................................... 27
F�gure 15.   W�nd F�eld, Mo�sture, and UVM.................................................................................... 29
F�gure 16.  WRF Forecast Doppler Panel ...................................................................................... 31
F�gure 17.  Surface W�nds and Mo�sture Convergence ................................................................. 32
F�gure 18.  L�d Strength Index ........................................................................................................ 33
F�gure 19.   Meteogram ................................................................................................................... 34
Figure  20.  Surface Wind flow, Puget Sound, Washington ............................................................. 35
F�gure  21.  Example of Vert�cal Orograph�c Var�at�ons ................................................................... 36

Tables

Table 1.  Mesoscale D�mens�ons ................................................................................................ 11



v��

Acknowledgments

Many �nd�v�duals contr�buted t�me, knowledge, and expert�se to the development of th�s document.  The 
time spent in proofreading alone was staggering.  The contributions from field-seasoned forecasters 
were �nvaluable.  The document represents a team effort from a w�de range of personnel.  

The authors would l�ke to espec�ally thank �llustrator/meteorolog�st Master Sergeant Joseph R. 
Andrukaitis, AFWA/DNTT, for the help and assistance he provided to developing some of the figures in 
the document.  Thanks to h�m, th�s document �s more �nformat�ve w�th p�ctures that speak volumes.



8

The Mesoscale Forecasting Process
“Great whirls have little whirls

That feed on their velocity,
And little whirls have smaller whirls,

And so on to viscosity”
                                                            L. F. Richardson, (Circa 1922)

1.  Introduction

The weather forecast effort has progressed a long 
way past �ts embryon�c stage of the barotrop�c 
forecast.  In the late 1940’s, th�s was the only 
model runn�ng because of l�m�tat�ons of computer 
power.  As computer power �ncreased, so d�d the 
complex�ty of the meteorolog�cal model, always 
push�ng computer resources to the�r l�m�t.  The 
forecast methodology qu�ckly changed from 
barotrop�c to barocl�n�c.  As the l�m�t was pushed, a 
greater wealth of prognost�c �nformat�on began to 
flow from the models.  Model sophistication leads 
to more deta�led (and assumedly) better forecasts.  
Wh�le �n�t�ally chas�ng the weather-produc�ng and 
extremely elus�ve energy packets at h�gh levels, �t 
became apparent that deta�led d�dn’t always �mply 
a better forecast.  Although most forecasters w�ll 
agree that Rossby waves became more pred�ctable 
throughout the 1960’s and 1970’s, there was st�ll 
a gap that needed br�dg�ng as numer�cal weather 
prediction (NWP) modelers took the first shaky 
steps down from the he�ghts of the hem�spher�c 
energy level to the synopt�c energy level.  That 
step seemed to work well; however, �t would be 
beneficial for meteorologists to shrink the forecast 
net down to a smaller open�ng �n an effort to catch 
the rest of the energy cascade that was obv�ously 
be�ng m�ssed.

The evolut�on of forecast models w�ll no doubt 
cont�nue.  The fact that humans w�ll cont�nue 
to �nterpret the model output �s also a forgone 
conclus�on for the near and �ntermed�ate future.  An 
understand�ng of the model and �ts juxtapos�t�on 
�n the energy spectrum �s cr�t�cal to understand�ng 
and �nterpret�ng the model’s output.  Th�s �s not an 
easy task, and requ�res an understand�ng of the 
bas�c meteorolog�cal fundamentals that underl�e 
every meteorolog�cal sett�ng.  How does one sl�de 

from the hem�spher�c scale to the synopt�c scale 
to the mesoscale to the m�croscale and on �nto the 
no�se level w�thout comprom�s�ng meteorolog�cal 
�ntegr�ty by leav�ng a s�gnature trace on the model 
output?  The fact of the matter �s that there w�ll be 
a s�gnature trace �n the model’s output (regardless 
of level) because each �terat�on �s a d�sturbance of 
the atmospher�c cont�nuum wh�ch, once broken, 
and much l�ke Humpty Dumpty, can never be put 
back together aga�n.

Another extremely useful forecaster capab�l�ty �s 
the ab�l�ty to th�nk �n three d�mens�ons (actually four, 
�f one �ncludes t�me.)  Th�nk�ng three-d�mens�onally 
means a departure from the convent�onal xy-
hor�zontal plane wh�ch �s convent�onally taught, 
to a fully developed data cube that occup�es 
space �n the atmosphere �rrespect�ve of the xy-
plane or�entat�on.  Not everyone can master th�s 
techn�que; �ndeed, most m�l�tary forecasters never 
reach that level of th�nk�ng but are content to stay 
at the level of “pattern identifier” that is taught at the 
techn�cal tra�n�ng schools.  There �s noth�ng wrong 
w�th th�s approach and �t works remarkably well.  
However, when �nterpret�ng a newer and more 
deta�led model, th�s way of extract�ng �nformat�on 
from the model needs refining because the 
emphasis shifts to vertical motion fields that must 
be analyzed on-the-fly in a three-dimensional 
mode.

Stepp�ng down two levels from the pr�mary energy 
level (hem�spher�c level) w�ll �mpact a lower-scale 
model run.  S�nce the mesoscale model runs two 
levels down, human �ntervent�on (the forecaster) w�ll 
still be very much involved in the final interpretation 
and appl�cat�on of the model output.  In�t�ally, the 
Weather Research and Forecast�ng model (WRF) 
output w�ll not look much (�f any) d�fferent from 
MM5.  That may change as the model evolves, 
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due pr�mar�ly to new products.  The 
des�red outcome of th�s publ�cat�on �s to 
enable the AFW forecaster to properly 
understand the mesoscale forecast�ng 
process; and to v�sual�ze the movement 
of atmospher�c energy as the means 
for generat�ng and susta�n�ng weather 
at the sub-synopt�c scale (mesoscale, 
v�a WRF).  See COMET Module:  
Mesoscale Meteorology Pr�mer (http://
meted.ucar.edu/mesopr�m/�ndex.htm)

2.  The Scales of Motion.  

Scale �s frequently used �n meteorology 
to allow compar�son of atmospher�c 
phenomenon of d�fferent s�ze, e.g., an 
order of magn�tude a�d �n est�mat�ng 
meteorolog�cal parameters (GOM). 
Scale Analysis �s an analys�s method 
us�ng the non-d�mens�onal equat�ons to 
determ�ne wh�ch terms are dom�nant for 
a part�cular phenomenon or s�tuat�on so 
that the smaller terms can be neglected, 
resulting in a simplified set of equations.  
When a meteorolog�st speaks of a scale 
of mot�on, he �s usually referr�ng to a 
part�cular set of l�m�ts used to determ�ne 
the extent of the event under scrut�ny.  
Cons�der the breakdown of scale �n 
F�gure 1.

F�gure 1 shows a breakdown of what 
�s trad�t�onally accepted meteorolog�cal 
scale from the largest to the smallest.  
One must be careful �n spec�fy�ng l�m�ts of the 
scales.  Note that those l�m�ts w�ll vary �n the 
literature.  The scale definitions used here are 
from the textbook “Meteorology Today” by Ahrens.  
A little flexibility in the definition may be required 
by the reader to accept these.  The �dea �s not to 
qu�bble over a few k�lometers or a few hours, but 
to present the �dea that atmospher�c scales do 
ex�st and do have approx�mate l�m�ts.

A d�scuss�on of scale would be �ncomplete w�thout 
considering why scale is important in the first 
place.  From a meteorolog�cal po�nt of v�ew, the 
scale is used to filter certain levels of energy and 

Figure 1.  Atmospheric Motion Scales.  These are the 
typ�cally accepted scales of atmospher�c mot�on.  Note the 
extens�ve overlaps �n most �nstances.  Feature s�ze w�ll vary.  
(After Ahrens, Meteorology Today, 7th Ed.)

categor�ze them by how they dr�ve atmospher�c 
phenomenon, e.g., extra-trop�cal cyclones.  W�th 
th�s �n m�nd, one must hand-�n-hand walk down 
the path of cascad�ng energy as outl�ned by the 
Russ�an Mathemat�c�an/Phys�c�st Kolmogorouf 
�n the m�ddle 1930’s.  Kolmogorouf env�s�oned 
energy cascad�ng down through a spectrum of 
d�ss�pat�on from max�mum energy to the ult�mate 
eddy d�ss�pat�on reg�on wh�ch �s usually labeled as 
“noise” (F�gure 2).  W�th th�s energy cascade �n 
m�nd, let us now rev�s�t meteorolog�cal scale.

The atmospher�c sc�ent�st l�ves by the presence 
(or absence) of energy.  A professor at St. Lou�s 
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Un�vers�ty used to fondly say:  “Show me where 
the energy w�ll be tomorrow and I w�ll show you 
where the weather will be!” (Dr. Frank Lin).  At 
the t�me, that comment was not fully apprec�ated.  
Now, �t forms the bas�s for all meteorolog�cal 
understanding because indeed, a significant 
amount of t�me �s expended d�agnos�ng the current 
state of the atmosphere so that one can determ�ne 
where the energy res�des today.  It �s up to the 
model to move �t to �ts projected locat�on where 
the forecaster can use that energy analys�s to 
�nterpret the face of the sky at some po�nt and at 
some delta-t forward.  

The largest scale �s the hemispheric scale (F�gure 
1; F�gure 2).  Th�s �s the scale where most of 
the fundamental atmospher�c energy res�des.  
Temporally, �t has d�mens�ons of weeks to maybe a 

month; spat�ally, �t has d�mens�ons of hem�spher�c 
proport�ons—hence �ts name.  Rossby waves 
reside here.  The orientation of this flow (zonal or 
mer�d�onal) w�ll go a long way toward determ�n�ng 
the weather at a locat�on for an extended per�od of 
t�me.  These long waves move slowly, carry�ng the�r 
energy w�th them across oceans, cont�nents, and 
even mounta�ns.  They establ�sh what �s known as 
the general c�rculat�on that �s dr�ven and or�ented 
by the three cell model of the atmosphere.  They 
are the bas�s for every drought or plunge of Arct�c 
a�r.  Based on th�s foundat�on, the rema�n�ng scales 
fall �nto place under the hem�spher�c long waves.  

Follow�ng closely beh�nd the hem�spher�c scale 
�s the synoptic scale (F�gure 1; F�gure 2).  Th�s 
scale �s cons�derably smaller than the hem�spher�c 
scale yet shares some of the character�st�cs of the 

Figure 2. Kolmogorouf Energy Spectrum.  The Kolmogorouf Energy Spectrum 
demonstrates the cascad�ng of energy stored �n the hem�spher�c longwaves w�th 
the correspond�ng levels of energy d�ss�pat�on.  It �s ev�dent that the mesoscale 
�s a consumer and not a source of energy.  By d�v�d�ng the mesoscale �nto three 
reg�ons, one can look at d�fferent features and how each uses the energy ava�lable 
�n the cascade.  Note that not all aspects of these three sub-scales are act�ve all of 
the t�me.
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long wave scale.  For example, a ser�es of short 
waves reside in the long wave flow and, to some 
extent, act �ndependently of them throughout the�r 
l�fe cycle.  They are compact energy packets that 
ma�nta�n the�r �dent�ty for a per�od of several days 
to a week or more, serv�ng as focus sources for 
upper-level d�vergence wh�ch ult�mately results 
�n the upward vert�cal mot�on that w�ll serve as 
support for areas of deter�orat�ng weather.  If these 
areas of deter�orat�ng weather organ�ze they can 
metamorphose �nto extra trop�cal cyclones w�th a 
spatial extent of five to six hundred miles or more.  
A key element to the d�scuss�on �s that some of the 
energy from the long wave system �s used to dr�ve 
the mechan�cs of the synopt�c scale system.  Th�s 
is important, because for the first time it is apparent 
that energy from the larger scale �s respons�ble 
for caus�ng d�sturbances �n the atmosphere at a 
smaller scale �n an organ�zed manner.  In short, th�s 
scale adds no new energy to the energy spectrum 
but becomes the first true and wholly dissipative 
segment of the energy cascade.  As a result, the 
energy cascade beg�ns.

Below the synoptic scale one finally comes into 
contact w�th the mesoscale (F�gure 1; F�gure 2).  
This scale suffers from lack of a clear-cut definition 
because the spat�al and temporal 
�ntervals qu�ckly become smaller.  
Spat�ally, they can go from ten m�les up 
to poss�bly a hundred m�les or larger 
(squall l�ne, mesoscale convect�ve 
complex (MCC)).  Temporally, these 
systems last from several m�nutes to 
several hours (MCC, squall l�ne, super-
cell thunderstorm).  In add�t�on, th�s 
scale �s assoc�ated w�th the energy 
embod�ed �n the hem�spher�c scale and 
the synopt�c scale from wh�ch �t draws 
�ts energy.  Th�s scale doesn’t add new 
energy to the energy spectrum e�ther, 
but cont�nues the d�ss�pat�ve path of the 
energy cascade.

Many trans�t�ons, act�ons, and react�ons 
are tak�ng place �n the mesoscale reg�on 
of the atmosphere.  In fact, there are so 
many and at so many d�fferent t�me/
space �ntervals that meteorolog�sts have 
d�v�ded th�s reg�on �nto several d�fferent 

meso reg�ons.  They are the meso alpha, the meso 
beta, and the meso gamma (Table 1).  Note the 
mesoscale locat�on on F�gure 1 and F�gure 2.  The 
sub-scale mesofeatures are not d�scussed here 
because they are s�mply subsets of what �s known 
as the mesoscale reg�on of the atmosphere and 
are so des�gnated for conven�ence.

The reason why the mesoscale �s sub-d�v�ded �nto 
three categor�es �s that each scale has d�fferent 
features assoc�ated w�th �t.  Note that th�s l�st �s not 
exhaustive, but is meant only to provide a flavor 
for the features that may be encountered at each 
sub-scale.  Any feature that �s smaller or lasts 
less t�me than meso-gamma �s cons�dered �n the 
m�croscale.  M�croscale features �nclude almost all 
tornadoes.

Cont�nu�ng the cascade, the next scale 
encountered �s the microscale (F�gure 1; F�gure 2).  
Th�s scale �s also energy �ntens�ve and d�ss�pat�ve, 
draw�ng energy downward from �ts mesoscale 
counterpart.  Spat�ally, meters to maybe a k�lometer 
are cons�dered representat�ve of th�s scale.  
Temporally, seconds to a few m�nutes, poss�bly up 
to an hour �s the rule.  The example usually c�ted 
�s ra�nshowers or the funnel port�on of a tornado.  

Table 1. Mesoscale Dimensions
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These h�ghly d�ss�pat�ve energy �ntens�ve systems 
cont�nue to draw the�r source of energy from the 
scales above.  However, the ult�mate boundary 
layer (the earth) �s ready and w�ll�ng to rece�ve any 
momentum that may be transferr�ng to �ts ult�mate 
d�ss�pat�on dest�nat�on.  One should also note that 
energy cascade w�th these d�mens�ons can occur 
�n the atmosphere w�thout an organ�zed energy 
source to draw from.  Energy packets or�g�nat�ng at 
levels other than the mesoscale may be �ncluded 
�n th�s energy transfer, thereby mak�ng th�s part 
of the atmosphere sl�ghtly more chaot�c than the 
prev�ous three d�v�s�ons.  

Much below the microscale, meteorologists find it 
difficult to measure any of the sensible weather 
elements, such as pressure, temperature, w�nds, 
etc.  Th�s �s the area �n the energy cascade that 
�s usually referred to as “meteorological noise”.   
It �s, �f you w�ll, the atmospher�c sewer for spent 
meteorolog�cal energy.

The rules of hydrostat�c equ�l�br�um have long s�nce 
broken down.  That happened several scales ago.  
The hydrostat�c approx�mat�on means s�mply that 
one neglects vert�cal accelerat�ons �n the vert�cal 
equat�on of mot�on when compared to grav�tat�onal 
accelerat�on.  Th�s �s acceptable, as long as 
hor�zontal scales of mot�on are larger than the 
vertical scales.  The added benefit of filtering sound 
waves �s also real�zed.  So how far down the scales 
can one go before the hydrostat�c assumpt�on �s no 
longer val�d?  Most researchers agree that even 
�nto the mesoscale end of th�ngs where gr�d s�zes 
of 10 km or larger preva�l that one can use the 
approx�mat�on effect�vely.  However, smaller scale 
phenomena that have vert�cal accelerat�ons that 
are not negl�g�ble (e.g., a strong vert�cal pressure 
grad�ent �n a thunderstorm �nduc�ng a strong 
updraft) requ�re that equat�ons be solved w�thout 
the benefit of the hydrostatic approximation. The 
non-hydrostat�c models (such as WRF) s�mulate 
mesoscale phenomena w�thout the hydrostat�c 
assumpt�on, us�ng anelast�c equat�ons, wh�ch �s 
well outs�de the scope of th�s d�scuss�on.  See 
COMET Module:  How Mesoscale Models Work 
(http://meted.ucar.edu/mesopr�m/models/�ndex.
htm).

Data are chang�ng fast and fur�ously, w�th spat�al 
scales on the order of cent�meters to poss�bly a 
few meters and temporal scales �n terms of tenths 
of seconds to maybe a minute (or five minutes).  
Th�s �s the reg�on where d�ss�pat�on rules supreme 
and all the rubber that the atmosphere can muster 
�s put to bear on the surface of the earth’s road.  
Turbulence (a d�ss�pat�ve process) �s seen to ex�st 
�n a w�de var�ety of �nstances.  Note that w�thout a 
specific parental structure, this type of activity can 
take place just about any place and under any set 
of favorable c�rcumstances.  Hence �nteract�on �n 
the m�croscale reg�on of the atmosphere need not 
be assoc�ated w�th a jet streak, energy max�mum, 
MCC, etc.  It can s�mply occur as a sp�n-off from a 
larger transient energy flux.  

Establ�sh�ng th�s scalar h�erarchy allows the 
meteorolog�st to compartmental�ze certa�n 
weather phenomenon.  The danger �s that each 
scale des�gnat�on serves as a box w�th �mperv�ous 
s�des that capture energy and consume �t on the 
spot.  We know th�s �s not true and that energy 
flows through the atmospheric system from top 
to bottom.  Hence when a forecast �s bu�lt (�n th�s 
case, WRF), there �s a constant danger that the 
output w�ll be v�ewed �n total �solat�on from the 
remainder of the atmosphere’s energy profile.  
That model �s certa�nly not the beg�nn�ng and 
end of atmospher�c energy.  Each level borrows 
the energy and consumes a part of �t before 
pass�ng �t along to the next level down.  It just 
so happens that our focus (WRF, mesoscale) 
prov�des forecasters w�th gu�dance �nformat�on 
at the mesoscale.  Brooks sums th�s up n�cely by 
say�ng:  “In general, numer�cal pred�ct�on models 
do not produce a weather forecast.  They produce 
a form of gu�dance that can help a human be�ng 
dec�de upon a forecast of the weather.  Just as w�th 
any other �nformat�on source, numer�cal models 
can help or h�nder a forecaster, depend�ng on h�s 
or her exper�ence, understand�ng of the model 
and its shortcomings, and the weather situation.” 
(Brooks, et al, 1991).

3. The Mesoscale. See (COMET Module:  
Definition of the Mesoscale (http://meted.ucar.
edu/mesopr�m/mesodefn/�ndex.htm).
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Defining the Mesoscale gives one the choice 
of several possibilities.  A generic definition is 
offered by the Glossary of Meteorology and 
reads as follows:  “Perta�n�ng to atmospher�c 
phenomena hav�ng hor�zontal scales rang�ng from 
a few to several hundred k�lometers, �nclud�ng 
thunderstorms, squall l�nes, fronts, prec�p�tat�on 
bands �n trop�cal and extratrop�cal cyclones, and 
topograph�cally generated weather systems such 
as mounta�n waves and sea and land breezes.  
From a dynam�cal perspect�ve, th�s term perta�ns to 
processes w�th t�mescales rang�ng from the �nverse 
of the Brunt-Va�sala frequency to a pendulum day, 
encompass�ng deep mo�st convect�on and the full 
spectrum of �nert�o-grav�ty waves but stopp�ng 
short of synopt�c-scale phenomena, wh�ch have 
Rossby numbers less than 1.”  However, this 
definition does not allow for any specific variations 
that many bel�eve to ex�st.  As a result, others 
have sub-d�v�ded the mesoscale space �nto three 
d�st�nct reg�ons (Table 1).  Note that each of the 
sub-scales has part�cular features assoc�ated w�th 
�t.  Be rem�nded that th�s l�st �s not all-�nclus�ve and 
�s meant only to prov�de examples for the types of 
features found at each sub-scale.  Also be aware 
that the definitions will vary from source to source.  
Be flexible.

Any features that are smaller than or last less t�me 
than the meso-gamma �ntervals are cons�dered to 
be m�croscale.  As a result, m�croscale features 
�nclude v�rtually all tornadoes.

It �s cr�t�cal to understand these d�fferent scales, 
because each scale d�ctates d�fferent phenomena.  
One must be careful not to �nterm�x scales.  If 
an NWP model operates at the synopt�c scale, 
one cannot expect to obta�n actual meso-qual�ty 
features.  Th�s �s espec�ally true when look�ng at a 
smaller model and compar�ng �t to a larger model 
output.  However, one may be able to �dent�fy 
atmospher�c cond�t�ons �n the larger model that 
are favorable for a smaller scale feature.  In short, 
we can “model down” but we cannot “model up”.  
The WRF model replaces the MM5 as AFW’s 
mesoscale model of cho�ce.  Hence mesoscale 
models and the�r output are not new to AFW 
forecasters.  The subtle changes �n WRF are all 
�nternal.  WRF �s a mesoscale model that g�ves 

a tremendous boost to the capab�l�ty of AFWA’s 
mesoscale forecast effort.

4. The Forecasting Process, a.k.a., The 
Forecast Funnel.

The search for meteorolog�cal data to use �n any 
forecast ends only when the transm�t button �s 
actuated.  Gett�ng to that po�nt can be an arduous 
and excruc�at�ng task.  Numerous checkl�sts have 
been bu�lt and there are �nnumerable systemat�c, 
scientific, and efficient approaches to making sure 
all raw and processed meteorolog�cal �nformat�on 
�s at least looked at �f not used �n forecast 
product�on.  Forecasters need to start th�nk�ng 
“mesoscale.”  One needs only to look at the Energy 
Cascade (F�gure 2) to real�ze that th�s model 
may act d�fferently from a synopt�c scale model 
and certa�nly d�fferently from a hem�spher�c one.  
Th�s requ�res the forecaster to be more aware of 
model strengths and weaknesses—an exper�ence 
base for WRF that will not be available to field 
forecasters for qu�te some t�me.  In the mean t�me, 
�n order to make up for the lack of th�s �mportant 
exper�ence data set, forecasters must apply the 
soundest phys�cal reason�ng to the appl�cat�on of 
the WRF mesoscale model.  

The A�r Force weather m�ss�on has not changed.  
Every forecaster �s bound to put the best 
meteorolog�cal effort �nto each and every forecast 
effort.  Wh�le th�s used to be at the synopt�c level, 
that emphas�s has now sh�fted to the mesoscale 
or one level down �n the energy spectrum of 
the atmosphere.  An emphasis on briefing and 
commun�cat�ng and a rel�ance on NWP do not 
release the duty forecaster from h�s pr�mary 
respons�b�l�ty of �ssu�ng a hor�zontally cons�stent 
and vertically stacked forecast that flows cleanly 
over some delta-t.  The crux of the matter �s not 
what the mach�ne th�nks, but what do YOU, the 
forecaster, who �s ult�mately respons�ble for the 
�ssued product, th�nk!  Issu�ng a forecast for an a�r 
force base, a geograph�cally separated un�t (GSU), 
or a h�gh-pr�or�ty target, �s the respons�b�l�ty of the 
duty forecaster and not the model.  “Model�ng may 
give us scenarios, but not reality.” (Roland List, 
Un�vers�ty of Toronto).  The model can help, but 
the respons�b�l�ty rests on the human s�de of the 
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fence.  A computer model �s a tool, not a crutch.  It �s 
very bad pract�ce to bl�ndly forecast for the model’s 
solut�on. Be sure you have sound meteorolog�cal 
reasons for your forecast, and can honestly just�fy 
your dec�s�ons to yourself, other meteorolog�sts, 
and above all, the customer.

It takes an ent�re atmosphere to set the stage for a 
forecast.  The atmosphere presents a un�que ent�ty 
�n that �t �s cont�nuous. As soon as �t �s �nterrogated 
and analyzed, that cont�nuum �s broken, and 
the troubles beg�n.  The cont�nuum �s v�ewed 
(p�ecemeal) from top to bottom, from �ts w�dest 
expanse down to the po�nt one �s forecast�ng for.  
The ent�re atmosphere contr�butes to the forecast.  
The forecaster’s job �s to focus the atmosphere 
on the area �n quest�on, �.e., funnel every p�ece 
of meteorolog�cal �nformat�on �nto �ts place �n the 
puzzle of the final forecast.  We do that with a 
concept known as “The Forecast Funnel.”   

Th�s p�ctor�al representat�on outl�nes the 
process a forecaster must go through to 
bu�ld a po�nt or small area weather forecast.  
Note that all scales of mot�on are used, 
espec�ally the Hem�spher�c and Synopt�c 
scales.  The atmospher�c energy must be 
tracked from �ts or�g�n �n the broad scale 
flow to its dissipation in and below the small 
scale part of the spectrum.  For pract�cal 
purposes, the energy �s not tracked once �t 
passes through and out of the mesoscale.

The ent�re forecast process beg�ns w�th the 
�n�t�al�zat�on phase.  The model has already 
“initialized” so the forecaster must gather 
and ass�m�late as much data after model 
�n�t�al�zat�on as poss�ble.  Every scrap of 
data �s el�g�ble for �n�t�al�zat�on.  There �s 
a continual flow of satellite data (MetSat, 
Mod�s, plus others), surface and upper a�r 
observat�ons, NEXRAD and PIREPs that 
must be �ntegrated �nto the forecast.  A 
systematic and efficient way to organize 
th�s post-model mater�al �s by apply�ng the 
“Forecast Funnel” (Figure 3).  Seemingly 
s�mpl�st�c �n nature, the Forecast Funnel 
rem�nds the forecaster of the pos�t�on of 
WRF as a meteorolog�cal �nput and of the 
�mportance of organ�z�ng one’s approach 

to forecast�ng.  Check, check, and recheck are 
the name of the game.  Internal cons�stency �s an 
absolute must.  Just l�ke �n top-down structured 
programm�ng, the forecast effort �s also top-down 
�n an effort to follow the energy from the long-
waves to where �t d�sturbs the atmosphere over 
the forecast area.  One soon real�zes that �f one 
does not have a good handle on where the current 
weather-produc�ng features are one w�ll probably 
not have a good handle on where they are 
go�ng.  The Forecast Funnel makes a forecaster 
systemat�cally ass�m�late data from the largest 
scale down to whatever scale �s of �nterest, �n our 
case, the Mesoscale.  Each piece fits and builds 
on the other.  Th�s part of the analys�s/forecast 
process cannot be overemphas�zed, �f for no other 
reason than the organ�zat�on �t prov�des to the 
forecaster and h�s l�ne of reason�ng.

Figure 3.  The Forecast Funnel.
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a. The Hemispheric Scale.  It all starts at the top, 
that �s, at the hem�spher�c scale.  Th�s �s where one 
determ�nes where the energy res�des.  Work�ng 
�n the d�agnost�c mode allows one to determ�ne 
where the ra�lroad tracks of the upper a�r are 
go�ng to steer �ts �ncluded energy.  Determ�ne 
the locat�on of the long wave troughs and r�dges.  
Are there any blocking patterns; is the flow split; 
what �s the or�entat�on of the features?  Th�s �s the 
fundamental area to thoroughly exam�ne because 
�t forms the bas�s for everyth�ng else down-scale.

The pressure-he�ght l�nes form the ra�lroad tracks 
for the all-�mportant polar jet stream.  They also 
form the path for the smaller scale systems 
(synopt�c features) to follow.  W�th the general 
circulation being depicted by the long-wave flow, 
one can get a quick idea of the basic flow over an 
area of �nterest.  Is �t zonal or �s �t mer�d�onal?  Is 
the area of �nterest �n a 
trough or �n a r�dge ax�s?  
Where �s the jet stream 
�n relat�onsh�p to the 
area under scrut�ny?  Is 
the forecast area on the 
left s�de of the jet stream 
or on the r�ght s�de of 
the jet stream—as you 
stand w�th your back to 
the w�nd �n the Northern 
Hem�sphere?  Where are 
the he�ght falls and r�ses?  
Where �s the vort�c�ty 
curl?  These are just a 
few memory joggers to 
get you started.  The 250-
mb, 300-mb and 500-
mb (the meteorolog�st’s 
fr�end) charts, et al, w�ll 
help shape the forecast 
funnel as one heads 
toward a po�nt or small 
area forecast.  See 
F�gure 4 and F�gure 5.

This upper level flow can 
take on character�st�cs 
of �ts own.  When the 
upper level flow is 
consol�dated (a broad 

belt of westerl�es), the pr�mary concerns are the 
ampl�tude and propagat�on speed of the �mbedded 
long wave troughs and r�dges.

The term low zonal �ndex �s used to descr�be a 
hemispheric flow characterized by the presence 
of four or five large-amplitude waves.  These 
long waves do not move very much nor very fast.  
Conversely, a h�gh zonal �ndex �s character�zed by 
a h�gh speed, low ampl�tude long-wave pattern.  
In th�s s�tuat�on, the long waves are usually 
progress�ve.

There are times when the upper level flow 
becomes very compl�cated.  Th�s occurs when 
there is a “split” in the flow, i.e., the flow is divided 
�nto two branches w�th both branches carry�ng a 
significant amount of the available energy.  These 
ep�sodes are called block�ng patterns.  There are 

Figure 4.  Standard 500-mb Plot.
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var�ous categor�es of blocks, and �t �s left to the 
reader to research these on h�s own.  However, 
one should always remember that block�ng 
patterns are always very pers�stent (greater than 
seven days) and result �n the m�gratory systems 
(synopt�c scale) be�ng forced to c�rcumnav�gate 
the assoc�ated warm h�gh or closed cyclone. 

Exam�nat�on of these levels w�ll no doubt br�ng 
out favor�te character�st�cs that a forecaster can 
‘hang h�s hat on’ as the forecast process evolves 
downward �n scale (F�gure 4; F�gure 5).  Note: After 
a year or so of forecast�ng, you, as a forecaster, 
will find/discover some feature in one of your data 
fields that will stand out above all others, like a 
peg.  Watch for th�s, because �n t�me, th�s peg w�ll 
become the place where you can “hang your hat 
on,” i.e., the security blanket that you depend on 
to make your forecast.  We all have one, whether 

we want to adm�t �t or not.  It’s your focus from the 
Forecast Funnel.  

Features do not change very fast at the hem�spher�c 
scale.  A great d�agnost�c tool, one can successfully 
use persistence as a first guess for the twenty-four 
hour forecast.  Forecasts made at th�s level are 
generally reliable from three to five days.  One 
can eas�ly determ�ne the pattern of the westerl�es 
(m�d-lat�tude and above).  A qu�ck check of the 
an�mated 500-mb or 300-mb he�ght chart along 
w�th a correspond�ng an�mated satell�te chart w�ll do 
much to help find weather-producing energy.  This 
�s espec�ally true for the m�gratory systems that 
are act�ve �n the westerl�es at any part�cular t�me.  
The cloud analys�s (F�gure 6) prov�des a means 
of determ�n�ng how well the model �s handl�ng the 
major features by a stra�ght compar�son to the 
model output.  It may not correspond exactly to 

Figure 5.  Standard 300-mb Plot.
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the time, but you should be able to find one that 
is close.  Be flexible.  Apply imagination and basic 
tra�n�ng—the clouds are where the energy �s/was, 
depend�ng on the t�me of the observed satell�te 
shot.

One th�ng �s for sure: change �s �nev�table.  A 
stat�onary (actually quas�-stat�onary) pattern 
means not much movement �n the near future.  
The upper a�r or�entat�on over the po�nt of �nterest 
won’t change much so any energy producers w�ll 
be synopt�c scale trans�ents �n the hem�spher�c 
flow.  These flow patterns can maintain themselves 

for several days.  Progress�ve waves move th�ngs 
forward across a forecast area of �nterest.  Th�ngs 
happen when th�s occurs as the hem�spher�c 
waves move from west to east.  The change �n 
or�entat�on can br�ng on trough�ng or r�dg�ng and 
the assoc�ated broad weather patterns that both 
br�ng.  There w�ll undoubtedly be a trans�t�on 
between the two as the inflection point moves 
across the forecast area.  One must watch these 
trans�t�on zones for potent�al weather format�on.  
Hem�spher�c waves w�ll occas�onally retrograde 
by mov�ng from the east toward the west aga�nst 
the prevailing westerly flow.  A tip-off that this will 

Figure 6. Hemispheric Cloud Analysis.  A “bowling ball” cloud analysis shot of the Northern 
Hem�sphere.  When an�mated, these can prov�de an excellent cont�nu�ty for �n�t�al�zat�on 
purposes.
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happen �s when a strong short wave (synopt�c 
scale) transfers energy �nto the back s�de of the 
long wave, allow�ng part of the long wave system 
to move east wh�le a new part of the long wave 
bu�lds to the west.  The new long wave pos�t�on �s 
west of the original position.  A significant amount 
of energy �s requ�red to make th�s occur, hence 
there �s plenty of energy to cascade down the 
energy p�ke and produce weather, �n th�s case, 
frequently explos�ve cyclogenes�s, as the upstream 
shortwave intensifies.
This first input into the Forecast Funnel is a very 
important one because it clearly identifies what is 
driving the synoptic scale feature and identifies 
the framework w�th�n wh�ch the m�gratory systems 
w�ll evolve.  It �s a d�agnost�c process and 
requ�res careful cons�derat�on and study of all the 
atmospheric variables the forecaster can find!  

b. The Synoptic Scale.  Some of the dev�l �n the 
deta�ls w�ll beg�n to come out at th�s po�nt.  One 
can search for the m�gratory short wave troughs 
and r�dges that are embedded �n the hem�spher�c 
scale flow.  Many surface features will become 
apparent at th�s po�nt, �nclud�ng surface cyclones, 
ant�cyclones, frontal systems, squall l�nes, etc.  Jet 
stream locat�ons w�th the�r assoc�ated jet streaks 
are of pr�mary �nterest to forecasters, because 
these are the energy packets that cause upper level 
divergence.  This is a good place to fit the latest 
MetSat �magery satell�te data �nto the equat�on.  It 
will help you find the location of the jet stream and 
serve as a jump�ng off place for where the energy 
w�ll be tomorrow.  Analyze the satell�te data as per 
the standard cyclone model—�t �s good enough 
unt�l someone comes up w�th a better one. 

It �s at th�s po�nt where one beg�ns to drag some of 
the �nformat�on from the larger scale down to the 
smaller ones.  The Synopt�c Scale �s smaller than 
the Hem�spher�c Scale but can use a lot of the 
same data.  For example, the su�te of hem�spher�c 
upper a�r data can be analyzed for a cont�nent/
theater and further �nformat�on extracted from 
them.  The Synopt�c Scale cont�nues the bo�l�ng 
down and focus�ng process, always look�ng for 
the energy that �s caus�ng today’s weather, where 
�t �s now, where �t w�ll be tomorrow.  Features 
move somewhat faster at th�s level than at the 

Hem�spher�c.  Effect�ve forecast t�me drops from 
several days to the 24- to 48-hour range.

Th�ngs to remember wh�le prepar�ng the Synopt�c 
Scale part of your Mesoscale �nput are pretty well 
the same as they were for the Hem�spher�c Scale.  
Foremost �s:  “Where �s the energy that �s caus�ng 
the weather today?”  It doesn’t hurt to go diagnostic 
for a wh�le longer.  Know�ng the current locat�on of 
weather-producing energy is crucial to figuring out 
where �t w�ll be tomorrow or the next day.  Note that 
it is still fairly difficult to locate Mesoscale features, 
but the focus �s sharpen�ng.  The synoptic scale 
features w�ll tell a lot about how the atmosphere �s 
shap�ng up over the next few days.  Forecasters 
w�ll want to look at th�ngs such as surface h�gh 
and low pressure systems, frontal systems, extra-
trop�cal cyclones, short-wave troughs and r�dges 
(espec�ally at the 500-mb level), w�nd sh�fts, cloud 
patterns, and the l�st goes on forever!  There �s a 
lot to look at!  And the b�g quest�on �s:  “How �s �t all 
going to evolve?”

One can’t overest�mate the �mportance that the 
d�agnost�c (�n�t�al�zat�on) port�on of th�s forecast 
development plays.  It started at the hem�spher�c 
scale and cont�nues at the synopt�c.  The synopt�c 
scale �s r�ch �n d�agnost�c tools, some of wh�ch have 
already been ment�oned.  Here are just a few:

• Surface and Upper-A�r Object�ve and 
Subject�ve analys�s

• Cross-sect�on analys�s
• Satell�te �magery
• Sound�ngs
• Wind Profiler data
• L�ghtn�ng data and large area radar 

summar�es

Note that the overlap between scales cont�nues, 
and even at th�s po�nt �s start�ng to lean toward 
the smaller scale.  One could even look at some 
numer�cal weather pred�ct�on (NWP) outputs at th�s 
level to get an �dea of where numer�cal gu�dance 
would l�ke to move some of these features.  It �s 
certa�nly necessary to relate the var�ous weather 
features to the large scale pattern and determ�ne 
�f they w�ll affect the forecast area.  Remember the 
“peg” you identified earlier?  Is it still a square peg/
square hole fit?  If so, press on!
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And st�ll the d�agnos�s cont�nues.  The �nformat�on 
just keeps com�ng �n the form of surface data and 
upper a�r data.  Raw observat�ons need to be 
processed (�n�t�al�zed) �nto the forecast data base.  
When t�me ser�es of these products are exam�ned, 
they prov�de an effect�ve means for track�ng the 
observed changes �n fronts, jets, cyclones, cloud 
bands, etc.

Th�s �s the t�me to start check�ng the NWP analyses.  
They are, by definition, largely objective, and, for 
that reason, are a great �nput to your forecast.  
As ment�oned before satell�te data are very good 
and t�mely for th�s effort.  However, don’t make 
the assumpt�on that the mach�ne �s always r�ght.  
Challenge �t!  Do a hand analys�s to determ�ne �f �t 
has m�ssed a few small k�nks (mesoscale features) 
�n �ts analys�s.  Even a part�al hand analys�s �s 
useful.  Make the t�me to do �t.  It w�ll compensate 
for poor model initialization, difficulties with the 
physics in the model (such as flux rates, latent and 
sens�ble heat), and any other l�ttle gl�tches that 
may work themselves �nto the forecast process.

W�th all the weather data now d�g�t�zed, �t �s a 
s�mple matter to overlay analys�s, satell�te data, 
PIREP data, and large-scale radar data, as a 
matter of bu�ld�ng meteorolog�cal cons�stency.  
Forecasters will soon find out that there are too 
many products to successfully process manually 
and that they w�ll have to turn to the mach�ne for 
help at some po�nt along the way.  Th�s �s espec�ally 
true of model �n�t�al�zat�ons where the mach�ne has 
ready access to many more observat�ons than the 
forecaster has.  They st�ll need to be checked, and 
here �s where the forecaster has a tremendous 
opportun�ty to determ�ne �f the model �s headed 
�n the r�ght d�rect�on or not.  If the d�agnost�cs are 
bad, the output w�ll be worse:  Garbage �n, garbage 
out, was never truer!

So what does one look at?  That depends on the 
level of �nterest.  At the Tropopause/Jet Stream 
level, one would look at the 300-mb (F�gure 5), 
250-mb and 200-mb levels.  Most un�ts would 
probably use the 300-mb level, but the other two 
levels are useful and conta�n a lot of jet stream 
�nformat�on as well, espec�ally �n the subtrop�cal 
and trop�cal reg�ons.  Th�ngs to look at on th�s level 
may �nclude but are not l�m�ted to the follow�ng:

•   Long wave troughs and r�dges
•   Jet axes (50kt or greater)
•   Isopleths of geopotent�al he�ght
•   Pressure he�ght falls and r�ses
• Areas of advect�on (cold or warm)
•   Any tendenc�es toward ageostroph�c  
 flow

Mov�ng on down to the 500-mb level (F�gure 
4), one comes to bas�cally the m�ddle of the 
atmosphere as far as mass �s concerned.  There 
are many features at 500 mb that can be useful 
�n d�agnos�ng the current state of the atmosphere.  
Th�ngs to look at on th�s level may �nclude but are 
not l�m�ted to:

•  Major troughs and r�dges
•  Short wave troughs and vort�c�ty max�ma  
   (both pos�t�ve and negat�ve vort�c�ty  
   advect�on)
•   Isopleths of geopotent�al he�ght
•   Areas of geopotent�al he�ght change
•   Jet axes (50 knots or greater)
•   Isotherms
•   Areas of mo�sture (can �nclude relat�ve  
    hum�d�ty)

If you remember correctly from your dynam�cs 
classes, the 500-mb level also conta�ns the all-
�mportant level of non-divergence.  This is defined 
by the Glossary of Meteorology as:  “A level �n 
the atmosphere throughout wh�ch the hor�zontal 
velocity divergence is zero.”  Although in some 
meteorolog�cal s�tuat�ons there may be several 
such surfaces, the level of non-d�vergence usually 
cons�dered �s that m�d-tropospher�c surface 
that separates the major reg�ons of hor�zontal 
convergence and d�vergence assoc�ated w�th the 
typ�cal vert�cal structure of the m�gratory cyclon�c-
scale weather systems.  Interpreted �n th�s manner, 
the level of non-d�vergence �s usually assumed 
to be �n the v�c�n�ty of 500 mb.  The assumption 
of such a level in theoretical work facilitated 
the construction of early models in numerical 
forecasting.  The concept �s st�ll val�d today and 
allows the forecaster to do a san�ty check on any 
s�zed scale model.

More d�agnost�cs can be accompl�shed for the 
700-mb, 850-mb and 925-mb levels.  Each can be 
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analyzed for the follow�ng:

• Isopleths of geopotent�al he�ght
• Isotherms
• Isodrosotherms (Dew Po�nt Isopleths)
• Areas of mo�sture/relat�ve hum�d�ty
• Low-level jet (850 mb), 30 kts or greater

Data are data, and there �s a lot represented at 
each of these levels.  Ideally, one should use �t all.  
T�me constra�nts w�ll l�m�t the amount of t�me the 
forecaster has to spend on each of these levels.  
Remember, the mach�ne has looked at these 
during its initialization process.  However, artificial 
�ntell�gence has not advanced far enough yet for 
�t to draw conclus�ons about the advect�on of a 
moisture/thermal field at 850 mb.

Unt�l recently, much of the �nformat�on �ncluded w�th 
the surface analys�s was lost dur�ng the model�ng 
process.  Th�s has now drast�cally changed.  The 
WRF �s able to use surface data as part of �ts 
initialization effort and hence for the first time, 
�nputs from the surface are coupled/�ntegrated �nto 
the model.  Some �tems to �nclude from the surface 
analys�s �nclude but are not l�m�ted to:
 

 • Fronts, troughs, and confluent zones
• Pressure centers and pressure value
• Dry l�nes/Squall l�nes
• Bubble highs/outflow boundaries
• Mo�sture r�dges (�nclud�ng advect�on  
 patterns)
• Thermal r�dges (�nclud�ng advect�on  
 patterns)
• Isallobar�c analys�s (surface pressure  
 r�ses/falls—pressure tendency)
• Significant tropical features, such   
 as trop�cal cyclone format�on alerts,  
 trop�cal  depress�ons, trop�cal storms,  
 hurr�canes, typhoons
• Radiation/moisture fluxes (machine   
 analyzed)

Cross-sect�ons prov�de a super�or means to 
ass�m�late data �n the vert�cal.  Weather features 
of �nterest that fall between the cracks of standard 
constant pressure and �sentrop�c surfaces do 
appear �n a coherent manner �n vert�cal cross-

sect�ons.  One of the more effect�ve appl�cat�ons of 
the cross-sect�on d�agram �s a plot of the constant 
potent�al temperature surfaces (also known as 
�sentrop�c surfaces).  These allow one to v�sual�ze 
the true three d�mens�onal�ty of the atmosphere.  
Unl�ke �sobar�c surfaces, wh�ch usually represent 
a nearly constant alt�tude, �sentrop�c surfaces can 
and do slope greatly.  S�nce many atmospher�c 
processes are approx�mately ad�abat�c (�sentrop�c), 
airflow actually moves along isentropic surfaces.  
Th�s can make �t eas�er to �nfer three d�mens�onal 
mot�ons.  For more �nformat�on on the use of 
�sentrop�c products, refer to AWS TN-87/002, 
Isentropic Analysis and Interpretation.

c. Satellite Imagery.  Satell�te Imagery was not 
always ava�lable to the forecaster.  The strateg�c 
surve�llance prov�ded by these eyes �n the sky 
probably marks one of the largest changes from 
old-school to modern meteorology.  Satell�tes are 
relat�vely new, not com�ng �nto rout�ne operat�onal 
use unt�l after 1982 or so.  By an�mat�ng the cloud 
series, one has an efficient way to quickly locate the 
weather-making features and obta�n an �n�t�al sense 
of the �ntens�ty trends of weather systems.  These 
almost �deal d�agnost�c tools allow for follow�ng 
continuity and can give forecasters a first guess 
for an otherw�se data-den�ed forecast area such 
as a war zone.  They also play an �mportant role �n 
the verification of model analyses and prognoses.  
By exam�n�ng satell�te �magery, a meteorolog�st 
can determ�ne �f features of concern are located 
properly and/or propagat�ng and develop�ng at the 
rate pred�cted by a model.  Numerous examples 
abound every day.  Be flexible.  Be creative.  Data 
den�ed areas may actually have more �nformat�on 
than meets the eye because of the satell�te 
coverage �n that area.

d. Soundings (RAOBS).  There �s noth�ng more 
comfort�ng than hav�ng a full su�te of plotted 
RAOBS when one reports �n for duty at the weather 
stat�on each morn�ng.  By now, all forecasters 
should understand the �mportance of be�ng able 
to th�nk three-d�mens�onally.  The meteorolog�cal 
world does not stop w�th the surface map.  Indeed, 
the atmosphere �s much l�ke a puppy, w�th the 
upper a�r part be�ng the body of the puppy and 
the surface sens�ble weather a man�festat�on of 
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the effects of the puppy’s ta�l.  The old cl�ché �s 
that the puppy always wags the ta�l, and not the 
v�sa of versa.  Hence �f the ta�l �s spread�ng a 
part�cular k�nd of weather, you can bet the puppy 
�s wagg�ng �t accord�ngly!  It’s what happens aloft 
�n the th�rd d�mens�on that comes around to b�te 
us, be �t a thunderstorm, ha�l, freez�ng ra�n, or any 
of the other nasty elements of weather that the 
atmosphere can throw our way.

At the present t�me, balloon sound�ngs are a tw�ce 
a day happen�ng, once at 0000Z and aga�n at 
1200Z.  The data are useful for all scales of analys�s 
and forecast�ng, even though th�s part�cular 
observat�onal mode �s normally cons�dered 
“synoptic”.  They are very helpful when locating 
fronts, determining atmospheric stability, finding 
the he�ght of the tropopause, and determ�n�ng 
vert�cal w�nd shear.  The �nputs that we rece�ve 

from them are used to produce both the constant 
pressure and �sentrop�c analyses.  Sound�ng data 
are probably one of the (�f not the) most �mportant 
raw meteorolog�cal data �nput that �s used by our 
models (�rrespect�ve of scale) to determ�ne the 
future state of the atmosphere.  The�r value s�mply 
cannot be overstated.

Most meteorolog�sts w�ll see and use RAOB data 
�n the most common form of the Skew T-logP 
d�agram (F�gure 7).  The Skew T, as �t �s generally 
called, �s an emagram (temperature and logar�thm 
of pressure as coord�nates) w�th the �sotherms 
rotated 45 degrees clockw�se to produce greater 
separat�on of �sotherms and dry ad�abats.  From 
the Glossary of Meteorology, we read:  “On some 
charts the area so enclosed �s d�rectly proport�onal 
to the work done in the process…”  These are 
referred to as “thermodynamic diagrams.”

Figure 7.  RAOB from Omaha, Nebraska.
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Note how th�s representat�on prov�des an excellent 
summary of the atmospher�c cond�t�ons �n an 
atmospheric profile.  In all actuality, however, the 
balloon path will fluctuate, and near the top of its 
path, �t may be a cons�derable d�stance from �ts 
launch po�nt.

As a tool for evaluat�ng area stab�l�ty, the Skew 
T �s superb.  Most stab�l�ty �nd�ces such as the 

Figure 8.  Lifted Index Analysis.  Analys�s of RAOB data for stab�l�ty �nd�ces.  In th�s 
case, the L�fted Index and the K Index are extracted from the RAOB data.  Th�s �s an 
excellent san�ty check on the model forecast.

L�fted Index, K-Index, Total Totals, etc., ut�l�ze 
the �nformat�on from the Skew T observat�on.  
By plott�ng th�s �nformat�on across an area, one 
can obta�n a good est�mate of the stab�l�ty of the 
var�ous a�r masses one may have to deal w�th 
dur�ng a forecast per�od.  (F�gure 8)  Th�s product 
can then be used �n conjunct�on w�th model data 
to compare the NWP model’s �nstab�l�ty (F�gure 9 
and F�gure 10) w�th real�ty.  



23

Figure 9.  K Index Forecast.  Th�s �s the WRF’s vers�on of how the K 
Index will change over time.  This index can be “spliced” on to the analysis 
to get a log�cal progress�on of how the atmospher�c stab�l�ty w�ll change 
over t�me.

Figure 10.  Lifted Index Forecast.  The K Index and L�fted Index are 
forecast separately by the WRF.  Color-cod�ng helps br�ng out the deta�ls 
of the forecast very qu�ckly.  The model bas�cally completes the forecast 
for des�gnated t�me-steps.  One can qu�ckly focus �n on the areas that are 
vulnerable to convect�ve act�v�ty.
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e. Wind Profiler Data. Wind profiler data is a 
relat�vely new and l�m�ted data source. See F�gure 
11.   Its strength is that one has a vertical wind profile 
every hour.  Ut�l�z�ng Doppler radar and acoust�c 
sound�ng techn�ques, these systems �nterrogate 
the atmosphere constantly, prov�d�ng w�nd speed 
and direction in finite slices in the vertical.  Their 

b�g advantage �s that they can prov�de �nformat�on 
of how the atmospheric flow is changing hourly.  
RAOBS can only prov�de th�s �nformat�on every 
twelve hours.  Unfortunately, once one travels 
outs�de of the central part of the Un�ted States, 
there are not many wind profiler sites available.  
Use them �f they are ava�lable.  

Figure 11.  Wind Profiler Plot.  A typical wind profiler output.  Observations are taken 
on the hour.  Equ�pment l�m�tat�ons preclude observat�ons below 1Km.  However, 
observations do provide a wind profile of the upper air between normal RAOB runs and 
are qu�te useful for track�ng short wave features.
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f.  Lightning Data  and Large Area Radar 
Summaries.  In keep�ng w�th the Forecast Funnel 
trad�t�on, �t �s always a good �dea to look over as w�de 
an area as poss�ble for l�ghtn�ng str�kes.  These are 
ava�lable on the web (F�gure 12) at many s�tes as 
well as JAAWIN.  Large area radar summar�es can 
show areas of potent�al stormy weather, espec�ally 

when overla�d or cross-correlated w�th l�ghtn�ng 
str�kes (F�gure 13).  L�ghtn�ng and correspond�ng 
radar echoes show areas of �nstab�l�ty—where 
they are now.  Your job is to find out where they 
are go�ng, once you get out of the d�agnost�c mode 
and �nto the prognost�c mode.

Figure 12. Lightning Plot.  Th�s d�agram shows the real-t�me 
lightning strokes.  It also can be animated and the resulting figure 
shows not only the durat�on/age of the storm cells but the movement 
of the storm cells as well.  It �s an extremely useful tool for mesoscale 
forecast�ng.

Figure 13. Large Area Radar Summary.  The large scale radar 
reflectivity helps bring out the focus of what the upper air features are 
do�ng.  An excellent mesoscale tool, th�s presentat�on w�ll allow the 
forecaster to metwatch areas of potent�ally dangerous weather.
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g. The Basic Conceptual Model (Any scale).  
Most of the models we use to express weather 
patterns are der�ved from the Norweg�an model 
proposed �n the early 1900’s.  The amaz�ng part of 
th�s model �s that almost one hundred years after 
�t was proposed, the meteorolog�cal commun�ty 
has done l�ttle to �mprove �t, much less, replace 
it.  Everyone agrees that “…it’s no good…” (Sic), 
but �t st�ll wa�ts for someone to come up w�th 
someth�ng better.  Unt�l meteorolog�sts do come 
up w�th someth�ng better, go ahead and use 
it—it really works just fine!  It is based on the 
hydrostat�c assumpt�on (d�scussed earl�er) wh�ch, 
at the Synoptic Scale works just fine most of the 
t�me.  It starts to break down at the mesoscale 
level and, �ndeed, WRF �s an anelast�c model.  For 
the most part, the w�nds w�ll adhere to geostroph�c 
rules well �nto the mesoscale level.  At any rate, 
meteorolog�sts st�ll have a full set of govern�ng 
equat�ons that help them understand the phys�cal 
processes at work �n m�dlat�tude weather systems.  
They even allow us to capture some of the smaller 
scale features that a purely synopt�c scale analys�s 
and model would m�ss.  

A stable wave (extra-trop�cal cyclone), for example, 
�s certa�nly a synopt�c feature.  However, th�s system 
can harbor many mesoscale features (warm sector, 
squall l�ne, MCC, derecho, etc.).  Comb�ne these 
w�th the juxtapos�t�on of a jet streak (�sotach max) 
and one has the three d�mens�onal�ty necessary 
to apply d�vergence theory to cyclogenes�s at any 
scale!   

5.  Mesoscale Forecasting.

We have very carefully defined the spatial and 
temporal extents of the Mesoscale Rég�me.  Th�s 
�ncludes the d�v�s�ons �nto �ts three subcategor�es 
as outl�ned �n Table 1.  Note that the l�st �s not 
exhaustive but is meant only to give you a flavor 
for the types of features you w�ll see at each sub-
scale.  Any feature you see that �s smaller or lasts 
less t�me than meso-gamma �s cons�dered to be 
microscale.  And, as ment�oned before, m�croscale 
features �nclude v�rtually all tornadoes.

It �s cr�t�cal to understand each scale, because 
each scale d�ctates a d�fferent phenomenon.  

You can’t mix scales!  As ment�oned before, 
you can model down, but you can’t model up.  
Hence a mesoscale model w�ll be able to �dent�fy 
atmospher�c cond�t�ons that are favorable for the 
development of a smaller scale feature (such as a 
tornado); however, the model w�ll not forecast for 
tornadoes.  See COMET Module:  How Mesoscale 
Models Work   (http://meted.ucar.edu/mesopr�m/
models/�ndex.htm)

Know�ng the hor�zontal resolut�on of the model �s 
qu�te �mportant.  The word resolution here refers 
to the gr�d spac�ng �n a model.  Each NWP model 
computes a var�ety of meteorolog�cal parameters 
(such as temperature, pressure, w�nds, etc.) 
at evenly spaced or equ�-d�stant po�nts over a 
g�ven reg�on.  Each of these po�nts �s referred 
to as a model grid-point.  The gr�d-po�nt spac�ng 
on AFWA’s WRF �s 15 and 5 k�lometers.  At th�s 
po�nt, numer�cal pred�ct�on must accept a trade-off 
between the number of gr�d po�nts and the ava�lable 
computer resources necessary to run a forecast 
for a certa�n t�me �nterval, say 72 hours.  The more 
gr�d-po�nts, the better the model resolut�on, and 
the longer �t would take the model to run.  Hence a 
gr�d system that has a mesh that �s small enough 
to successfully forecast thunderstorms w�ll, �n 
all probab�l�ty, not be small enough to forecast a 
tornado.  W�th th�s �n m�nd, we need to be careful to 
look at only weather events that are large enough 
to have sufficient grid points to provide adequate 
coverage.  Wh�ch ra�ses the very val�d quest�on:  
“How many grid points are enough?”

The first answer to this would be:  “The more 
the merrier!”  However, reality soon sets in when 
computer resources are purchased.  Th�s results �n 
a model resolut�on that �s a comprom�se between 
what the meteorolog�st would l�ke to have and 
what resources w�ll support.  The area covered by 
the model (�ts domain) �s a l�m�t�ng factor that w�ll 
cont�nue to be an �ssue.  We can make �t very large 
w�th correspond�ngly large gr�d-po�nt spac�ng; 
or, we can make �t smaller w�th correspond�ngly 
smaller gr�d-po�nt spac�ng.  System l�m�tat�ons w�ll 
be an �ssue for WRF planners for many years to 
come.  For the �mmed�ate future, forecasters w�ll 
have to keep the follow�ng �n m�nd:
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• What �s the resolut�on (the gr�d spac�ng) 
of the model?

• What �s the s�ze of the smallest feature 
that the model can adequately dep�ct?

•. What mesoscale features correspond to 
the s�ze determ�ned from Quest�on 2?

Only when these quest�ons are fully answered can 
you expect to obta�n reasonable conclus�ons from 
the mesoscale model output.

As stated earl�er, the AFWA WRF runs at 15 and 5 
k�lometer gr�d spac�ng.  It uses the ½-degree GFS 
as the 15-k�lometer Mother Doma�n.  The vert�cal 
resolut�on �s 41 levels and �t �s currently run out 
to 48 hours.  These d�mens�ons would certa�nly 
prov�de a forecast at the Mesoscale resolut�on.  
To get �nto the microscale, we would need a 
resolut�on of 400 meters (0.4 km) or less for gr�d 
spac�ng.  Qu�te a d�fference requ�r�ng qu�te a boost 
�n computer resources!  Keep �n m�nd that AFWA’s 
WRF w�ll have the ab�l�ty to resolve only a certa�n 
level of deta�l.  Hence there �s a lower l�m�t as to 
how deta�led WRF w�ll go.

Figure 14.  Comparison of Grid Spacings.  This figure demonstrates the relationship between 
5km and 15km doma�n s�ze.  Go�ng from 15km to 5km w�ll prov�de a much more dense network. 
as demonstrated by comparing coordinate spacing between five kilometer and fifteen kilometer.   
Note that such appl�cat�ons rap�dly consume computer resources and w�ll restr�ct the s�ze of the 
doma�n substant�ally.

Five-fifteen Kilometer Coordinate Overlay

F�ve K�lometer Coord�nate Spac�ng   F�fteen K�lometer Coord�nate Spac�ng
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When you use model data, such as WRF, you need 
to know the hor�zontal resolut�on of the model data.  
The word resolution here refers to the gr�d spac�ng 
�n a model.  Each NWP model computes a var�ety 
of meteorolog�cal parameters at evenly spaced or 
d�st�nct po�nts over a g�ven reg�on.  Each of these 
po�nts �s referred to as a model grid point.  We 
always need to keep �n m�nd to be careful to look 
at only weather events that are large enough to 
have sufficient grid points to provide adequate 
coverage.

Th�s somewhat begs the quest of how many 
gr�d po�nts �s enough.  For mesoscale weather 
phenomenon one would need a square area of 
5 gr�d spaces by 5 gr�d spaces (25 square gr�d 
spaces) to cover a weather event at any t�me.  Both 
the 5 km and the 15 km doma�ns are therefore 
capable of resolv�ng mesoscale phenomenon.

At 5 km, we can expect to resolve weather 
phenomenon that are 25 km by 25 km or smaller.  
Th�s �s gett�ng to be a fa�rly decent resolut�on but 
�t requ�res a lot of computer resources to run.  At 
15 km, the square expands to 75 km by 75 km, 
allow�ng us to resolve weather phenomenon that 
are larger yet st�ll �n the mesoscale (just barely).  

Forecasters w�ll need to keep all th�s �n m�nd when 
mak�ng dec�s�ons regard�ng mesoscale model 
output.  One must espec�ally keep track of the 
follow�ng:

•  What �s the resolut�on (the gr�d spac�ng)  
of the model?

• What �s the s�ze of the smallest feature 
that the model can  adequately dep�ct 
(Remember to mult�ply the gr�d resolut�on 
by five)?

•  What mesoscale features correspond to 
the s�ze determ�ned by quest�on 2?

Only when you have answered all of these 
quest�ons can you expect to obta�n reasonable 
conclus�ons from the mesoscale model output.  
Take some time now to reflect on what this means 
�n terms of the model’s ab�l�ty to �dent�fy d�fferent 
meteorolog�cal parameters.  

6.  Applying the AFWA WRF Model.

I am certa�n you have all heard the express�on:  
“Software is software is software!”  Although 
putt�ng profess�onal op�n�on at ser�ous r�sk, much 
the same can be sa�d for a numer�cal weather 
pred�ct�on mode…wh�ch �s, �ndeed, software.  
There are d�fferences �n how data are handled, how 
computat�onal �nstab�l�ty �s stym�ed, �n�t�al�zat�on 
schemes, gr�d spac�ng, etc.  However, the �ntent 
of the model �s to man�pulate the atmospher�c 
cont�nuum �n a CPU, project �t �nto a future state, 
and reproduce �t as a cont�nuum.  Every NWP 
works l�ke th�s, there are no except�ons.  Hence 
meteorolog�cal �nterpretat�on techn�ques that 
worked w�th the Global Spectral Model work w�th 
WRF.  Vert�cal mot�on and mo�sture st�ll produce 
cloud�ness and ra�n.  W�nd shear st�ll produces 
turbulence.  Instab�l�ty st�ll produces thunderstorms 
and tornadoes.  Granted, some of the products that 
the model generates may be d�fferent from what 
you remembered as a fledgling forecaster back in 
1968, but the bas�c laws of the atmosphere have not 
changed s�nce the days of R�chardson’s NWP effort 
back �n the 1920’s.  The same energy equat�ons 
apply; P st�ll equals DRT; the Cor�ol�s parameter 
�s st�ll a problem; and upper-a�r d�vergence st�ll 
causes r�s�ng a�r.  Keep th�s �n m�nd every t�me you 
examine a “new and improved” forecast package.  
The products produced can be �nterpreted just l�ke 
the prev�ous ones.

The basic question still requires that one finds 
where the energy is now!  The d�agnost�c mode 
�s often overlooked or sl�ghted.  However, �t �s 
dur�ng the d�agnost�c phase of the forecast that 
the all-�mportant �n�t�al�zat�on takes place.   And 
th�s �n�t�al�zat�on w�ll tell the forecasters where the 
current weather-produc�ng energy res�des.  After 
zero�ng �n at the synopt�c scale, one can step 
down to the mesoscale reg�on and beg�n look�ng 
for specific areas of upward vertical motion.

a.  Determining Upward Vertical Motion 
(UVM).  Upward vert�cal mot�on �s perhaps 
the s�ngle most �mportant parameter a weather 
forecaster could look for.  At the hem�spher�c scale, 
one can character�ze broad-scale areas of UVM 
by locat�ng the long-wave trough.  Any areas to 
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the east of the trough (�n the Northern Hem�sphere 
westerl�es) up to and �nclud�ng the apex of the 
r�dge l�ne are �n an area of potent�al UVM.  The 
atmosphere �s certa�nly destab�l�z�ng �n th�s area.  
But �t �s a very large area and other than serv�ng 
as a flag for UVM potential, to attempt to nail down 
specific areas of overcast skies is very general at 
best.  Enter the synopt�c scale.

In the synopt�c scheme of th�ngs, the short-
waves, jet streaks, and areas of pos�t�ve vort�c�ty 
advect�on (PVA), just to name a few, become very 
�mportant.  They are the focus po�nts for UVM and 
areas that w�ll bear add�t�onal watch�ng as these 
smaller m�gratory systems move through an area 
of forecast �nterest.  They w�ll �ntens�fy �n the base 
of the long-wave trough, and de-�ntens�fy as they 
cl�mb the r�dge.  But they are focal po�nts for UVM 

and for that reason are very �mportant to watch.  
Enter the mesoscale.

The WRF w�ll show focal po�nts of UVM w�th�n 
the synopt�c scale features (the energy cascade).  
The �ncreased resolut�on w�ll allow the forecaster 
to look closer at parts of the atmosphere that are 
r�s�ng more rap�dly than ord�nary synopt�c scale 
act�on would suggest.  An excellent product for 
th�s �s ava�lable off JAAWIN (F�gure 15).

Th�s product shows �sopleths of UVM (�n cm/sec).  
Downward and/or neutral vert�cal mot�on �s not 
shown to reduce clutter.  Th�s serves as a valuable 
tool �n �dent�fy�ng those mesoscale locat�ons where 
convect�on has the potent�al to develop.  It also 
prov�des a p�cture of true upward and downward 
vert�cal mot�on, someth�ng that most prev�ous 

Figure 15.  Wind Field, Moistue, and UVM.  The wind field and the UVM will go a long way toward 
d�rect�ng the forecaster’s attent�on to areas of potent�al cloud/thunderstorm development.  
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synopt�c scale models d�d not prov�de.  The attempt 
here �s not to calculate vert�cal mot�on �nd�rectly 
but to show a d�rect representat�on of where the 
model th�nks �t w�ll be happen�ng.

Once one has determined the direction of airflow 
�n the vert�cal and assessed �ts strength, the next 
�mportant �ngred�ent, that of mo�sture, comes �nto 
focus.  Moisture is still one of the more difficult 
elements of weather to track.  Mo�sture can be 
very d�scont�nuous:  �f �t ra�ns, the mo�sture �s 
gone out of the atmosphere, leav�ng beh�nd large 
quant�t�es of energy �n the form of heat.  The exact 
convers�on �s a matter of phys�cs—how much 
�s converted �s a matter of atmospher�c act�v�ty.  
Consult�ng prec�p�table water charts and analyz�ng 
satell�te �mages for areas w�th water vapor content 
and/or areas of act�ve cloud growth and decay can 
also be very useful. 

There are follow-up quest�ons that need address�ng, 
e.g., w�ll �t ra�n?  Th�s age-old quest�on w�ll keep 
popp�ng up aga�n and aga�n.  Unfortunately, there 
are no hard-and-fast rules that one can apply.  
Most forecasters w�ll look for the super�mpos�ng 
of UVM and mo�sture before they really start to 
look for ra�n.  Note that th�s precludes showers 
and/or thunderstorms, wh�ch are ent�rely d�fferent 
genera. Somet�mes, rules are made to be broken.  
Somet�mes, there aren’t any rules.  An old rule-of-
thumb for forecast�ng prec�p�tat�on revolves around 
the 700/500-mb short wave pattern.  Prec�p�tat�on 
will begin when an area comes under the influence 
of the first third of uplift from the 500-mb trough, 
and the prec�p�tat�on w�ll end w�th the passage 
of the 700-mb trough.  Clouds w�ll break as the 
500-mb trough passes through a reg�on.  Th�s �s a 
“peg” many forecasters “hang their hats on” when 
forecast�ng.  If noth�ng else, the rule helps the 
forecaster log�cally ass�m�late all of the ava�lable 
�nformat�on �n an effort to make the best forecast 
poss�ble.

b.  Mesoscale Tools.  Many of the tools that are 
�mportant to rely on at the mesoscale level are 
some of the newer technology platforms for tak�ng 
observat�ons.  Essent�al sources of data and 

�nformat�on at the mesoscale �nclude (but are not 
l�m�ted to) the follow�ng.

 (1).  Lightning data.  L�ghtn�ng data a�d the 
forecaster �n determ�n�ng where the strongest 
vert�cal mot�on �s located and are also helpful �n 
assessing the movement, intensification, severity, 
and decay of any convect�on that may be present.  
(F�gure 12).  Th�s product prov�des a near real-t�me 
d�splay of l�ghtn�ng �n the Un�ted States.  Crossha�rs 
plotted on the map �nd�cate a l�ghtn�ng str�ke w�th�n 
a specified time range.  This time range and total 
number of str�kes �n the current v�ew are l�sted.  The 
l�ghtn�ng str�kes are t�me lapsed �nto s�x categor�es 
to ass�st �n d�st�ngu�sh�ng l�ghtn�ng progress�on.  
The display can be “zoomed in” on specific areas 
of �nterest.  When us�ng th�s product, be caut�ous 
that the l�ghtn�ng str�ke product may be up to ten 
m�nutes old.  L�ghtn�ng sensors only detect up to 
90% of cloud-to-ground str�kes and no cloud-to-
cloud str�kes.  The data are only prov�ded over 
CONUS and have a spat�al accuracy of 0.5 km.

Largely a d�agnost�c tool, l�ghtn�ng str�kes can be 
followed and projected us�ng s�mple pers�stence.  
The forecaster should have an �dea where the 
thunderstorms are develop�ng from the vert�cal 
mot�on outl�ned �n the vert�cal veloc�ty �nformat�on 
above.  W�th that �n m�nd, here are some rules-of-
thumb for us�ng l�ghtn�ng data:

• 90% of all l�ghtn�ng str�kes occur w�th�n 5 
NM of the ma�n storm cell.

• 9% of all l�ghtn�ng str�kes occur between 5 
and 10 NM of the ma�n storm cell.

• 1% of all l�ghtn�ng str�kes occur farther 
than 10 NM of the ma�n storm cell.

Be espec�ally on your guard when deal�ng w�th 
d�ss�pat�ng storms:  they may no longer look 
threatening, but may contain residual electrification.  
Check the l�ghtn�ng chart for the last t�me there was 
a reg�stered str�ke.  The longer the t�me span the 
better!  Wa�t for at least 30 m�nutes after l�ghtn�ng 
act�v�ty has ceased to be certa�n �t �s all out of your 
area.
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 (2).  Doppler Radar.  The WSR-88D �s 
a marvelous mesoscale sens�ng tool to be 
sure.  Runn�ng as a convent�onal radar or as 
a Doppler, th�s atmospher�c �nterrogat�on tool 
prov�des d�agnost�c capab�l�ty to the local area 
at the mesoscale.  Rap�dly updated �nformat�on 
regard�ng the speed and d�rect�on of the local w�nd, 
along w�th deta�led �nformat�on on the areal extent 
and �ntens�ty of prec�p�tat�on are a valuable �nput 
when bu�ld�ng the local forecast.  There are many 
ava�lable over the CONUS and the coverage �s 
outstand�ng.  Unfortunately, the rema�nder of the 
world does not enjoy such coverage.  However, 
where ava�lable, the advantage of the cop�ous radar 
data �s that �t can be compared w�th mesoscale 
model reflectivity forecasts.  Note that the color 
scales of the WRF radar reflectivity forecast were 
des�gned to correspond d�rectly to the WSR-88D 

base  radar reflectivity products.  Thus, the WRF 
forecasts of radar reflectivity can be viewed as a 
kind of forecast radar reflectivity image.

 (3).  Mesoscale Analyses and Prognoses.  
As the data gather�ng process cont�nues, one �s 
aga�n faced by the age-old problem of putt�ng �t 
all together as a d�agnost�c so one can  use �t as a 
prognost�c tool �f by no other techn�que than s�mple 
pers�stence or advect�on.  Both are val�d, both 
work at the mesoscale.  The analys�s (object�ve 
or subject�ve) prov�des the means to organ�ze the 
numerous observat�ons ava�lable to the forecaster 
at the mesoscale.  Us�ng such analys�s g�ves 
the forecaster an efficient method of monitoring 
patterns �n the observed weather elements as 
well as producing derived fields.  It is in the area 
of the derived fields that the mesoscale analysis 

Figure 16.  WRF Forecast Doppler Panels. The Compos�te Radar 
Reflectivity Forecast can be very useful in determining cloudiness for aircraft 
operat�ons, e.g., refuel�ng.  When an�mated, th�s product can prov�de an 
�dea of cloud progress�on that can eas�ly be checked aga�nst correspond�ng 
satell�te data.
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and forecast really stand out.  The forecaster can 
plot RAOBS for v�rtually any locat�on �n the area of 
forecast respons�b�l�ty.  The model can generate 
numerous stab�l�ty analyses (�nd�ces), CAPE 
(Convective Available Potential Energy) fields, 
pressure tendencies, moisture and wind fields, 
etc.  These analyses are extremely useful when 
mon�tor�ng rap�dly evolv�ng mesoscale weather 
events �n the local forecast area.
 
The mo�sture and w�nd convergence (F�gure 17) 
d�agrams/plots are a great tool for alert�ng the 
forecaster to areas of potent�al vert�cal mot�on.  
The color�zed reg�ons �nd�cate areas where there 
�s a h�gh comb�ned value of both surface mo�sture 
and convergence in the surface wind field, giving 
the forecaster a best-guess locat�on of unstable 
a�r.  Wh�le th�s product �s not a stab�l�ty �ndex (l�ke 
Total-Totals), �t has s�m�lar appl�cat�ons.  Be aware 

that th�s product only looks at the surface, and 
does not take �nto account the upper atmospher�c 
parameters l�ke �nvers�ons that would cause 
(prov�de) atmospher�c capp�ng.

There are a number of stab�l�ty �nd�ces ava�lable 
through WRF.  Old favor�tes such as the K Index, 
Storm Relat�ve Hel�c�ty, L�fted Index, Total-Totals, 
etc., are there for the forecaster’s use at the 
mesoscale level. 

An �nterest�ng chart used to determ�ne the potent�al 
for capping is the “Lid Strength” chart (Figure 18).  
In th�s product the h�gher values (>4.1) represent 
values that are expected to possess a stable 
layer; convect�on �s not l�kely here.  In reg�ons 
that have a value from 2.1 to 4.0, convect�on 
�s poss�ble, but there �s st�ll a weak �nvers�on �n 
th�s area.  Careful attent�on should be pa�d here 

Figure 17. Surface Winds and Moisture Convergence.  A comb�nat�on of 
surface w�nds and mo�sture convergence serves as an excellent tool to alert 
the forecasters on areas of potent�al UVM.



33

since either a mechanical influence will be needed 
for convect�on to occur, or thermal advect�on (�n 
the appropr�ate layers) �s needed to break down 
the �nvers�on.  From 0 to 2.0, free convect�on �s 
poss�ble.  A value between 0-2 L�d Strength �s not 
a guarantee of convect�on prepar�ng to take place 
because th�s product must be used �n conjunct�on 
w�th a stab�l�ty parameter.  You must have an 
unstable a�r mass w�th a low L�d Strength to have 
free convect�on. 

 (4).  Soundings.  Perhaps one of the most 
�mportant and pr�mary tools �n the forecaster’s 
tool belt �s the atmospher�c sound�ng (F�gure 
7).  Analyz�ng an atmospher�c sound�ng (RAOB, 
rad�osonde) w�ll prov�de more �nformat�on about 
the atmosphere and �ts vert�cal structure than any 
other p�ece of meteorolog�cal data.  It �s second 
to none and absolutely v�tal when assess�ng 
the current state of the atmosphere.  WRF can 

prov�de the forecaster w�th l�terally hundreds of 
these data po�nts.  They are extremely useful �n 
the prognost�c form because a forecaster can 
watch the atmosphere evolve r�ght before h�s 
eyes.  A qu�ck check of the or�g�nal data po�nt w�ll 
qu�ckly tell you �f the advect�on patterns make 
sense or not.  Cold and warm a�r advect�on are 
qu�ckly and clearly dep�cted �n t�me.  The amount 
of CAPE and/or CIN (Convect�ve Inh�b�t�on) and 
their distribution, wind profiles, and the vertical 
d�str�but�on of mo�sture can all be determ�ned 
from a s�ngle sound�ng.  The convent�onal Skew-
T d�agram can be used to �n�t�al�ze other products 
from WRF, such as meteograms.

 (5).  Meteograms.  Meteograms �n WRF 
w�ll look v�rtually the same as they d�d �n the 
MM5 (F�gure 19).  No parameters w�ll change.  
The forecast per�od �s relat�vely short (48 hours).  
Anyth�ng past th�s t�me w�ll have to come from an 

Figure 18. Lid Strength Index.  The L�d Strength Index chart �s yet another 
attempt to character�ze an atmosphere �n terms of �ts stab�l�ty/�nstab�l�ty.  
In this case, areas that are “capped” will not lend themselves to deep 
convect�on.  Hence th�s �s an excellent d�agram for where deep convect�on 
should not occur.
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Figure 19. Meteogram.  The meteogram contains a significant amount of information 
already bo�led down and d�gested for the forecaster.  The only problem �s that �ts per�od 
of coverage only extends to 48-60 hours.  At that po�nt, �f a longer forecast �s des�red, a 
forecast platform d�fferent from WRF w�ll need to be consulted for extended coverage.
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alternate model.  The “stitching” process between 
WRF and the longer range model w�ll present �ts 
own set of challenges.  That �ssue w�ll be covered 
�n a future FYI and a COMET module.  There 
are many meteograms ava�lable for locat�ons 
worldw�de.  Most DoD s�tes already have a s�te 
specific meteogram.

 (6).  Wind Profiler Data.  Some of the more 
�nterest�ng mesoscale data �s, unfortunately, 
extremely limited.  Wind profiler date (Figure 10) 
falls �nto th�s category.  These data are taken by 
e�ther Doppler radar or acoust�c sounder and 
generate a vertical profile of winds through the 
atmosphere from near the surface to over 30,000 
thousand feet.  They prov�de hourly observat�ons.  
As such, the wind information provided by profilers 
can be very useful when follow�ng the development 
and/or progress�on of mesoscale weather 
systems.  Changes �n the local vert�cal w�nd shear 
profile, as it relates to changing static stability and 
the poss�b�l�ty of severe convect�on, can also be 
followed with this tool.  Wind profiler data can be 
used �n conjunct�on w�th RAOB data to val�date 

the performance of the WRF meteograms that the 
forecaster uses to produce operat�onal forecasts, 
s�nce the meteogram g�ves a t�me ser�es d�splay 
of forecast w�nds.  Th�s compar�son between 
the meteogram and the wind profiler information 
can be a qu�ck and easy way of determ�n�ng the 
accuracy of the model w�th respect to �ts handl�ng 
of the dynam�c state of the atmosphere.

 (7).  Local Topography.  Knowledge of 
the local topography and �ts effects on sens�ble 
weather under var�ous meteorolog�cal cond�t�ons 
�s an �mportant part of mesoscale forecast�ng.  
Prox�m�ty to mounta�ns, h�lls, r�ver valleys, deserts, 
and var�ous bod�es of water all have �mportant 
consequences relevant to mak�ng a local forecast.  
Although topography �s not a tool, �t �s an �mportant 
cons�derat�on when forecast�ng due to �ts effect on 
the evolut�on of mesoscale weather events.

When cons�der�ng topography, the forecaster 
needs to look at both the hor�zontal and vert�cal 
aspects of  topography.  (F�gure 20). Th�s 
draw�ng demonstrates the �mpact of mounta�nous 

Figure 20:  Surface Wind Flow, Puget Sound, Washington.  Th�s chart represents a 
conceptual streaml�ne pattern over the Puget sound / Olymp�c Pen�nsula reg�on under 
a preva�l�ng southwesterly w�nd reg�me (Courtesy Angove, 1998).
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topography on surface wind flow in Puget Sound in 
Wash�ngton.  The effect of the mounta�ns causes 
the w�nd to become south – southeasterly near 
Wh�dbey Island.  In the vert�cal, mounta�ns can 
cause rad�cal var�at�ons �n prec�p�tat�on over short 
d�stances. Cons�der F�gure 21 over the same area 
as the previous figure. On the windward side of the 
Olymp�c mounta�ns, we see h�gh relat�ve hum�d�ty 
and prec�p�tat�on, whereas the leeward s�de has 
dr�er a�r.  Th�s �s due to the upward mechan�cal l�ft 
induced by the flow as it climbs the mountain-side.  
Clearly,  a good knowledge of topography �s a key 
towards a proper forecast at the mesoscale.

	It �s also �mportant that the topograph�cal database 
�n the mesoscale model �s accurate.  For example, 

a model can be run at 12 km resolut�on, yet only 
use a 36 km topograph�cal database.  If th�s �s the 
case, then the model may l�kely fa�l to p�ck up on 
a key feature in the flow at the 12 km scale.  The 
forecaster must be careful to ask these quest�ons 
up front.  Otherw�se, �ncorrect conclus�ons w�ll 
be drawn from the model output. See COMET 
Module:  Flow Interact�on W�th Topography (http://
meted.ucar.edu/mesoprim/flowtopo/).
	
When cons�der�ng topography, the forecaster 
needs to look at both the hor�zontal and vert�cal 
aspects of topography.  The �mpact of topography 
on surface wind flow can be astounding.  Winds 
can be channeled from one d�rect�on to another.  
In the vert�cal, terra�n can cause rad�cal var�at�ons 

Figure 21: Example of Vertical Orographic Variations. Schemat�c dep�ct�on of the 
lee-trough and ra�nshadow effect of the Olymp�c Mounta�ns dur�ng southwesterly low-level 
saturated wind flow.  Gridded fields depict two-dimensional wind vectors, potential temperature 
and relat�ve hum�d�ty.  Shaded areas represent prec�p�tat�on. Hor�zontal extent of the cross-
section is shown in the insert immediately at the top of the figure. (Courtesy Angove, 1998).

Figure 21: Example of Vertical Orographic Variations. Schemat�c dep�ct�on of the 
lee-trough and ra�nshadow effect of the Olymp�c Mounta�ns dur�ng southwesterly low-level 
saturated wind flow.  Gridded fields depict two-dimensional wind vectors, potential temperature 
and relat�ve hum�d�ty.  Shaded areas represent prec�p�tat�on. Hor�zontal extent of the cross-
section is shown in the insert immediately at the top of the figure. (Courtesy Angove, 1998).
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�n prec�p�tat�on over short d�stances.  Clearly, a 
good knowledge of topography �s a key towards a 
proper forecast at the mesoscale.

c.  Model Biases and Trends.   It �s st�ll way 
too early to assess model b�ases and trends w�th 
the WRF.  These w�ll come w�th t�me.  B�ases 
can cause serious errors in forecast fields, e.g., 
stab�l�ty �nd�ces.  It w�ll l�kely affect the locat�on of 
fronts, prec�p�tat�on, and other key parameters as 
well.  Only t�me w�ll tell.

d.  Mesoscale Conceptual Models.  There 
are numerous useful conceptual models at the 
mesoscale level.  Some of the more common ones 
�nclude (but are not l�m�ted to):

 (1). Var�ous thunderstorm structure models—
Meteorolog�sts class�fy thunderstorms as s�ngle 
cell, mult�-cell, supercell, squall-l�ne, etc.  Each of 
these classifications implies certain characteristics, 
�nclud�ng the typ�cal l�fe cycle and the degree of 
severe weather l�kely to accompany the storm.

 (2). Sea breeze c�rculat�on—The sea breeze 
and �ts assoc�ated land breeze are common 
phenomena that often play a significant part in 
the da�ly weather along coastl�nes and near large 
bod�es of water.  Grasp�ng the conceptual models 
of onshore and offshore flows and their associated 
r�s�ng and s�nk�ng mot�ons �s v�tal to mak�ng a good 
forecast �n such areas.

 (3). Topographically forced flows and 
c�rculat�on—Many d�fferent conceptual models 
relate to the effects that mounta�ns have on local 
weather.  Examples �nclude mounta�n waves, 
Ch�nooks, boras, canyons, and mounta�n and 
valley w�nds.  Assoc�ated w�th each of these 
models are site-specific patterns of winds, clouds 
and prec�p�tat�on.

 (4). Banded prec�p�tat�on—Banded mesoscale 
prec�p�tat�on features are often observed �n 
assoc�at�on w�th extratrop�cal cyclones.  Examples 
of such phenomena �nclude cold-frontal and warm-
frontal bands, warm-sector bands, and pre-frontal 
and post-frontal bands.  Each of these prec�p�tat�on 
band types can be related to the deta�led conceptual 
models of the forc�ng and �nstab�l�t�es assoc�ated 

with extratropical cyclones.  Significant rain bands 
are also observed w�th trop�cal features such as 
hurr�canes.

 (5). Mesoscale jets (�ncludes low-level jets)—
Two examples of mesoscale jets are the low-level 
jet that develops �n the Great Pla�ns �n the warm 
sector of an extra-trop�cal cyclone, and barr�er jets 
that develop along mounta�n ranges.  The low-level 
jet �s often �nstrumental �n thunderstorm �n�t�at�on 
�n the Great Pla�ns, and the barr�er jets can play a 
significant role in the distribution of precipitation, 
espec�ally snow.

 (6). Local studies and flow—Insight into local 
weather phenomena can be obta�ned from on-
stat�on research projects.  These stud�es can 
lead to the development of useful conceptual 
models perta�n�ng to local forecast problems.  One 
example of th�s m�ght be study�ng the effects of 
d�fferent w�nd d�rect�ons on ce�l�ngs and v�s�b�l�ty 
at a particular site (Wind Stratified Conditional 
Cl�matology (CC) Tables).

7.  Conclusion:  A Concept of Operations 
(CONOPS) for WRF.

The WRF presents the m�l�tary forecaster w�th 
a plethora of relevant and qu�te h�gh-qual�ty 
�nformat�on.  Forecasters actually have more 
�nformat�on than they are capable of putt�ng 
together �nto a useable package for the�r customer.  
How does the local forecaster squeeze/d�st�ll the 
max�mum amount of pert�nent �nformat�on �nto 
a d�gested package of weather �nformat�on that 
the customer uses for less than ten m�nutes to 
determ�ne wh�ch weapons systems to use �n an 
a�r str�ke?  The follow�ng three-step package may 
be of use:

Step One:  Properly analyze and forecast the 
hem�spher�c and then the synopt�c env�ronment.  
Where are the fronts �n relat�on to the model 
analys�s (Too fast?  Too slow?).   Are the analyses 
supported by satellite data?  Does the flow match 
the general wind flow field?  Are the model fields 
h�gh or low compared to observat�onal data?  When, 
and only when, the forecaster �s comfortable w�th 
the understand�ng of the hem�spher�c env�ronment, 
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the synopt�c env�ronment, and has deduced 
the rel�ab�l�ty of the synopt�c models, then the 
forecaster may proceed to step two.

Step Two:  Determ�ne the mesoscale response.  
Th�s �s where the forecaster must trans�t�on �nto 
the mesoscale mode and must find the mesoscale 
solut�on to the synopt�c scenar�o he has already 
dec�phered.  If not comfortable w�th the synopt�c 
model dep�ct�on of the s�tuat�on, th�s may be 
the final step before producing an operational 
forecast, s�nce the mesoscale model output w�ll 
be corrupt, and only serve to make the problem 
worse.  However, �f the forecaster �s generally 
confident that the synoptic solution is reasonable, 
then proceed to step three.

Step Three:  Compare expected mesoscale 
forecast w�th mesoscale model output; look�ng at 
the WRF output �s the last th�ng the forecast does.  
More often than not, �f the forecaster has done the 
first two steps correctly, WRF will only serve to 
confirm what the forecaster expects, and allow him 

to fine-tune some of the timing and structures as 
presented by the model.  Occas�onally, the model 
w�ll �ntroduce features that the forecaster m�ght 
have missed in the first two steps, particularly 
�n non-preva�l�ng rég�mes.  Aga�n, the forecaster 
must be comfortable w�th the parent synopt�c 
model before accept�ng the mesoscale structures, 
or mod�fy that structure based on observed errors 
at the synoptic scale.  This is a difficult and labor-
intensive process, but it usually gets the “right” 
answer.

If correctly used, a mesoscale model can 
tremendously �mprove the qual�ty of operat�onal 
forecasts over complex terra�n and other 
env�ronments.  Once the forecaster has become 
adept at mesoscale concepts (not a tr�v�al �ssue), 
the key is to be able to confidently pick and choose 
when the model �s go�ng to h�t.  The forecaster 
must first invest in the understanding of the scales 
above the mesoscale env�ronment before he can 
adequately use these tools to produce the des�red 
product. 
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