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Chapter 6 
 

Atmospheric Analysis Models 
 
 
There is an abundance of weather data available to meteoro-
logists. These include surface and upper air observ ations as 
well as a tremendous amount of computer forecast mo del output. 
As a forecaster you need a way to ingest these data , visualize 
patterns, interpret these patterns, and translate t hem into a 
clearly communicated forecast. One approach to this  process 
involves drawing isolines of various parameters and  identifying 
the patterns and weather systems shown. These weath er systems 
tell you what is currently happening as well as how  the 
atmosphere may evolve in the near future. Atmospher ic analysis 
models provide the information needed to interpret data and 
isoline patterns. 
 
What is an Analysis Model? 
 
An atmospheric analysis model is an idealized representation of 
a weather system that helps you as a forecaster vis ualize that 
system, its associated weather, and its evolution. It provides a 
distribution in time and space of what the system l ooks like in 
three dimensions. It gives you a sense or feel for that system 
and how it might look in terms of real data or comp uter forecast 
model output. 
 
How to Use Analysis Models 
 
Because an atmospheric analysis model is an idealiz ation, there 
will be differences between the idealized and real world. You 
must fit the models to the data and adjust the mode l to the 
observations or computer forecast model output. For  actual 
observations, the adjustment typically depends upon  the data 
density. Where data are sparse, an analysis model w ill have a 
strong influence on the final analysis; where data are dense, 
the model will influence the result less and the da ta will 
define the final analysis. For computer forecast mo del output, 
data density is high and the model helps make sense  out of the 
numbers and isolines, and reduces data saturation. 
 
As you look at a set of data or NWP output fields, you should 
ask questions like: 
 

• Which analysis model fits the situation? 
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• How does this situation differ from the idealized m odel? 
• Does the vertical structure fit the idealized model ? 
• Is there a good thermal gradient to support a front ? 
• Is there sufficient moisture to produce clouds and/ or 

precipitation? 
 
Asking questions like these and others help you bet ter 
understand what is happening in atmosphere and how things will 
evolve in the near term. 
 
Basic Analysis Models 
 
Let’s start our exploration with very basic analysi s models. 
After taking a good introductory meteorology course  you should 
already know what these patterns represent. Neverth eless, it is 
important to define these basic patterns (or analys is models) so 
that there is a common basis for discussion. 
 
All descriptions refer to horizontal depictions of weather data. 
Definitions used below are paraphrased from the Glossary of 
Meteorology. Keywords in descriptions are in italics. 
 
Low Centers: A “low center” is a relative minimum in a variable 
field characterized by at least one closed isoline. Low centers 
are found in sea level pressure and upper height fi elds, and in 
temperature and moisture patterns. Low centers in t he pressure 
and height fields are often referred to as cyclones  due to the 
cyclonic flow associated with the low center. The t erm “cold 
core” is used for cold temperature centers. If an a rea of lower 
values cannot be enclosed in a closed isoline, the term “trough” 
is used to describe that area. (See below.) 
 
High Centers: A “high center” is a relative maximum in a 
variable field characterized by at least one closed isoline. 
High centers are found in sea level pressure and up per height 
fields, and in temperature and moisture patterns. H igh centers 
in the pressure and height fields are often referre d to as 
anticyclones due to the anticyclonic flow associate d with the 
high center. The term “warm core” is used for warm temperature 
centers. If an area of higher values cannot be encl osed in a 
closed isoline, the term “ridge” is used to describ e that area. 
(See below.) 
 
Troughs and Trough Lines: The terms “trough” and “trough line” 
are often used interchangeably, even though they ar e distinct 
features. A trough is a broad elongated area of relatively lower 
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values characterized by open isolines. A trough line is a quasi-
linear feature within the trough where the curvature of the 
isolines is maximum. If you move away from the trou gh line, 
values increase, that is, there is relative minimum  along the 
trough line compared to values perpendicular to the  trough line. 
Troughs are identified in the pressure, height, tem perature, and 
moisture fields. 
 
Ridges and Ridge Lines: The terms “ridge” and “ridge line” are 
often used interchangeably, even though they are di stinct 
features. A ridge is a broad elongated area of relatively higher 
values characterized by open isolines. A ridge line is a quasi-
linear feature within the ridge where the curvature of the 
isolines is maximum. If you move away from the ridg e line, 
values decrease, that is, there is relative maximum  along the 
ridge line compared to values perpendicular to the ridge line. 
Ridges are found in the pressure, height, temperatu re, and 
moisture fields. Pressure and height ridge lines ar e often 
difficult to identify, compared to the broader ridg e itself, due 
to lack of a maximum in the isoline curvature. Ridg es in the 
surface dew point pattern are often called a “moist  tongues.”  
 
Gradients: The term “gradient” refers to the rate of change of a 
variable in space. Mathematically, the gradient of a scalar 
quantity is a vector directed from low toward high values of the 
scalar, perpendicular to isolines of the scalar fie ld (in a 
horizontal plane). The two dimensional gradient mag nitude is 
expressed as: ( ∂f/ ∂x + ∂f/ ∂y). In meteorology, gradient is often 
used in equations with a minus sign. As a result, m eteorological 
gradient vectors usually are directed from higher t oward lower 
values. 
 
From a practical perspective, isolines are drawn at  a constant 
interval so that the spacing of the isolines can be  interpreted 
as a measure of gradient. For example, the strength  of the 
geostrophic wind (Chapter 5) is proportional to the  spacing (or 
gradient) of the pressure/height field. Where isoba rs are closer 
together, winds are stronger, while where isobars a re farther 
apart, winds are weaker. Pressure, height, temperat ure, and 
moisture gradients are routinely evaluated by forec asters. 
 
Flow Curvature and Inflection Points: Curvature refers to the 
change in direction of the flow. “Cyclonic curvature” is 
associated with flow that turns counterclockwise in  the Northern 
Hemisphere and clockwise in the Southern Hemisphere . “Anti-
cyclonic curvature” is associated with flow that tu rns clockwise 
in the Northern Hemisphere and counterclockwise in the Southern 
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Hemisphere. The point where the flow changes from c yclonic to 
anticyclonic or from anticyclonic to cyclonic is ca lled the 
“inflection point.” Curvature terminology is often used when 
discussing both low level and mid-tropospheric flow . 
 
Cols: There are situations where a trough line and a ri dge line 
intersect each other. It is point of relative low v alue between 
two high centers as well as a point of relative hig h value 
between two low centers. This location is called a col, or 
mathematically, a saddle point. There is no flow at the point 
itself. 
 
Discontinuities: The term “discontinuity” refers to an abrupt 
variation or jump in the value of some variable alo ng a quasi-
linear feature. On some scales it looks like field suddenly 
changes value. In reality, it is a very narrow band  of very 
strong gradient. The two examples of discontinuitie s are fronts 
and drylines. Fronts, by definition, should be asso ciated with a 
strong temperature gradient while drylines have str ong gradients 
of moisture. 
 
Wind Shift: Wind flow across a large area tends to change 
direction and vary in speed. In some areas, the win d changes 
direction relatively abruptly. This change in direc tion 
typically occurs along what is called a “wind shift  line.” A 
wind shift line is a curve along which the wind dir ection shifts 
by at least 60 degrees over a short distance. For m ost surface 
wind shift lines, the curvature of the flow across the wind 
shift line is cyclonic. 
 
Practical Application: If you are an analyst, you need to know 
more than just the definition of the above terms. Y ou also need 
to be able to identify these features on an operati onal chart.  
 
Figure 6-1 shows an 850 mb chart for 00 UTC, 03 Dec ember 2009. 
Several basic analysis model features are highlight ed. There are 
at least three examples of low height center surrou nded by one 
or more contours. These are located over Indiana, o ver the 
southeastern portion of Hudson Bay, and along the L abrador 
coast. A trough line extends from the Indiana low c enter toward 
the south-southwest through Mississippi into the we stern Gulf of 
Mexico. This trough line is shown as a dashed brown  line. 
 
A high center is found over the Rockies along the U nited States-
Canada border. A ridge line extends toward the nort h-northeast 
into the Canadian arctic and is marked by a saw-too th brown 
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line. The multiple high centers, marked by several H’s over the 
eastern Pacific Ocean, in the lower left of the fig ure, show a 
feature of computer line drawing that a human analy st would 
replace with less H’s. If the computer finds a rela tive maximum 
in its grid field, it places an H there, even thoug h it may also 
place another H a several hundred miles away. A hum an analyst 
would tend to combine these H’s into one center. A similar 
feature is often seen for low centers in relatively  flat 
gradient regions. 
 

 
Figure 6-1: Example of Basic Analysis Model Features 

 
Other features seen in Figure 6-1 include a cold co re near Lake 
Winnipeg, marked with a blue K (from the German kalt for cold), 
and thermal ridge from South Carolina into Ohio, ma rked by a red 
line. There is also a col over Ontario. It is locat ed between 
the two low centers noted above and the high center s to the east 
and west. Areas of stronger height and temperature gradients are 
also visible over the eastern United States and the  Gulf of 
Mexico. Can you identify areas of WAA and CAA? 
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Norwegian Cyclone Model/Mid-Latitude Cyclones 
 
One of the more well-known atmospheric analysis mod els is the 
Norwegian Cyclone Model (NMC). This depiction of a surface low 
pressure center and associated fronts was introduce d by 
meteorologists from Bergen, Norway, around 1920 (Bj erknes, 1919; 
Bjerknes and Solberg, 1922). The Bergen analysis me thod was 
adopted by the U.S. Navy in the mid 1920s, but it w as the middle 
to late 1930s before the U.S. Weather Bureau starte d using this 
approach to analysis. 
 
The original NCM was a surface-based analysis model . As upper 
tropospheric flow patterns were explored and classi fied over the 
next 30 years, the NCM was expanded into a three-di mensional 
model of mid-latitude cyclone evolution and develop ment. All 
introductory textbooks provide a series of images o f the 
evolution of a low center from an initial wave alon g a front to 
the fully developed occlusion. The typical descript ion in these 
textbooks is not all that different from the descri ption in the 
1922 article. 
 
At this point you might expect to see a series of f igures 
showing the three dimensional development of a mid- latitude 
cyclone. However, rather than adding another set of  pictures to 
those that already exist, you are referred to the d epiction 
provided by Carlson (1991, pp. 226-233). These figu res nicely 
show the three dimensional relationship among the s urface low 
center, surface fronts, the upper level trough, the  upper jet 
streak, the associated cloud pattern, and vertical motion for 
the various stages in the development of a mid-lati tude cyclone. 
Summarizing these figures: 
 

• During Stage 1, a weak low pressure center forms al ong a 
stationary front. There is a mid-tropospheric troug h well 
upstream from the surface low center and a jet stre ak on 
the upstream side of upper trough. 

• During Stage 2, a weak circulation develops with wa rm air 
advection ahead of the low center and cold air adve ction 
behind the low. Both the upper trough and jet strea k get 
closer to the surface low. Positive vorticity advec tion 
(PVA) found above the surface low center. The preci pitation 
expands as the mid-tropospheric trough amplifies. 

• During Stage 3, a well defined wave cyclone is foun d with 
warm air advection ahead of the low center and cold  air 
advection behind the low. The mid-tropospheric trou gh 
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continues to amplify and the divergent quadrant of the jet 
streak is found above the surface low. 

• During Stage 4, the surface low occludes and precip itation 
wraps around the low. The surface low moves under t he mid-
tropospheric trough (or low) and the jet streak mov es 
downwind from the upper trough. Dry air intrudes in to the 
systems from the west. 

• During Stage 5, the surface low weakens and eventua lly 
dissipates. 

 
Even though all mid-latitude cyclones start as weak  low pressure 
centers, not all cyclones evolve through the entire  sequence 
depicted in the NCM. That is, not all cyclones beco me occluded. 
Some cyclones develop into a weak to moderate wave cyclones and 
stay in that stage throughout their lifetime. Other  cyclones go 
through the entire development process. How much a low center 
intensifies depends upon the thermal and divergence  patterns 
associated with the three-dimensional structure of the system. A 
discussion of these factors is beyond the scope of this chapter 
and is covered in more advanced meteorology courses . 
 
Conveyor Belt Model 
 
One of the best ways to visualize the three-dimensi onal flow 
around a mature frontal cyclone is to use the conve yor belt 
model. Even though Carlson (1980) first presented t he conceptual 
model in 1980, parts of this concept were developed  earlier by 
Harrold (1973), modified later by Young et al (1987 ), and 
summarized by Browning (1999). 
 
This model was intended to describe the storm-relat ive flow 
around a mature frontal wave. Carlson assumed a con stant 
movement of the system to determine the relative mo tion using 
isentropic analysis. Figure 6-2 shows the conveyor belts at one 
point in time. Please realize these belts change so mewhat during 
the life cycle of the cyclone. 
 
Warm Conveyor Belt: The warm conveyor belt (marked WCB in the 
figure) represents the main source of warm, moist a ir that feeds 
the cyclone. It originates in the warm sector of th e cyclone and 
flows poleward parallel to the cold front. This lay er can be 200 
to 300 mb deep and typically begins in the convecti ve mixing 
layer well away from the low center. As the flow ap proaches the 
warm front, it begins to ascend with its strongest rise over the 
warm front, in the area of strongest warm air advec tion. It 
eventually starts to turn anticyclonically as it jo ins the jet 
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level flow in the upper troposphere. The pressure v alues in the 
figure represent the approximate pressure level of the flow at 
that point in space. 

 
Figure 6-2: Conveyor Belt Model (after Carlson, 1980) 

 
One representation of the WCB takes a branch of thi s flow and 
curves it around the occlusion into the cyclonic ci rculation. 
This variation is more likely to occur during the l ater stages 
of a cyclones life cycle. Browning (1999) referred to the main 
WCB as W1 and this secondary branch as W2. 
 
The amount of precipitation produced by a cyclone d epends upon 
the amount of moisture flowing into the circulation  along the 
WCB. During the winter over the Central United Stat es, well-
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organized lows with strong dynamics move out of the  High Plains 
of Colorado. However, if the WCB is not tapping goo d moisture, 
the snowfall may be relatively light compared to wh at the 
dynamics could support. Nota bene: as you develop your 
precipitation forecast, pay special attention to th e amount of 
moisture that the WCB is feeding into a system. 
 
Cold Conveyor Belt: The cold conveyor belt (marked CCB in the 
figure) originates poleward and east of the low pre ssure center, 
typically in the easterly flow on the backside of a  high 
pressure system to the east. This air flows westwar d, on the 
cold side of the warm front, below the WCB, toward the center of 
the low pressure circulation. The air becomes satur ated through 
a combination of precipitation falling into the CCB  from the WCB 
above and slow ascent from the boundary layer to th e mid-
troposphere north of the low center. The flow event ually rises 
and turns anticyclonically into the upper troposphe ric ridge 
ahead of the developing cyclone. 
 
Dry Intrusion: As a cyclone develops there is typically an 
intrusion of dry air equatorward of the low pressur e system 
between the intensifying surface low center and the  cold front. 
This air originates near the tropopause fold or bre ak, descends 
on the backside of the developing cyclone to mid tr opospheric 
levels, and starts to rise once it is east of the u pper trough 
that is associated with the developing cyclone. Thi s dry air 
eventually rises over the CCB parallel to the WCB. The pene-
tration of this dry air over the low level moisture  creates 
potential instability that may be released as conve ctive clouds. 
The dry air intrusion is usually obvious on water v apor imagery. 
 
Operational Application: The flow of air through midlatitude 
cyclones is important to understanding the cloud an d 
precipitation distribution around the cyclone. The conveyor belt 
model helps visualize this flow pattern. It helps you id entify 
the best area for rising air and precipitation. Whe n applying 
this concept in actual forecast situations, remembe r that this 
model displays "storm-relative" flow and that weath er maps 
display actual wind. Nevertheless, by examining the  winds at 
several levels on your analysis or prognostic chart s, you can 
still get a good feeling for the flow pattern and t heir source 
regions. Use the conveyor belt concept to help you visualize 
what is happening and better understand the current  weather 
situation. 
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TROWALS 
 
TROWAL is an acronym for “trough of warm air aloft. ” It has been 
used by Canadian meteorologist for years to describ e the area 
above the intersection of the warm and cold air in a warm 
occlusion (Figure 6-3). 

 

 
Figure 6-3: Location of a TROWAL 

 
The TROWAL originates at the Earth’s surface near t he point of 
occlusion and rises along the upper level intersect ion of the 
frontal boundaries. Significant clouds and precipit ation is 
found along the TROWAL where there is rapid cycloni c ascent of 
air that originates in the warm section. Some studi es call this 
the “TROWAL airstream.” The TROWAL is easily seen a s a ridge of 
equivalent potential temperature on a horizontal ch art. If you 
compare this depiction to the conveyor belt model d escribed 
above, there are some common features between the w arm conveyor 
belt and the TROWAL airstream. [Martin, 1999] 
 
By comparing and correlating the Norwegian Cyclone Model, the 
Conveyor Belt concept, and the TROWAL with current data or 
computer model forecast output, you can get an exce llent picture 
of the flow around a mid-latitude cyclone. You can use these 
images to better understand what is happening in th e atmosphere. 
 
Identifying a Front on Operational Charts 
 
Locating a front on a weather chart is sometimes ea sy and 
sometimes a challenge. If there are two distinct an d strongly 
contrasting air masses on either side of the front,  placing the 
front is straightforward. On the other hand, if the  difference 
between the two air masses is small, the main quest ion is: Is 
this boundary a front or just a trough? 
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The standard features which you look for when placi ng a front on 
a surface chart are as follows: 
 

• A thermal gradient is found along the frontal zone with the 
front itself on the warm side of the gradient. 

• The front lies in a pressure trough. 
• There is a cyclonic wind shift along the front. Thi s 

creates a relative maximum in the surface vorticity  
associated with the cyclonic shear and curvature of  the 
flow. 

• There is a band of confluence along the front. This  is most 
easily seen in a streamline analysis of the surface  flow. 

• There is a band of clouds and possibly precipitatio n along 
or on the cold side of the front. This factor varie s, 
depending upon the available moisture. 

• There is a moisture gradient across the frontal zon e. This 
factor can also vary and is not always a good indic ator of 
a front. 

 
Most of these factors can be evaluated from surface  data. 
Because a front is three-dimensional system, the th ermal 
gradient should be examined above the surface to en sure that the 
air mass contrast has depth. The 1000-700 mb thickn ess is a good 
way to do this. There should be a thickness gradien t on the cold 
side of the surface front that indicates there is t hermal 
contrast through at least 10,000 feet MSL. 
 
Surface troughs and fronts share several features i n common 
(after Sanders, 2005): 
 

• A cyclonic wind shift. 
• A local pressure minimum. 
• A change in dew point (moisture). 
• A different source region for air on either side. 
• A substantial temperature change for a 24-hour peri od. 

 
Comparing the two lists just presented indicates th at there are 
two main differences between troughs and fronts: 
 

• For a front, the cyclonic wind shift is accompanied  by a 
significant temperature change. That is, the cyclon ic wind 
shift is on the warm side of the thermal gradient. For a 
trough, the two features do not coincide. The therm al 
gradient is often found parallel to the trough line . 
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• Clouds and precipitation tends to be along and to t he cold 
side of the wind shift for a front. For a trough, t hey tend 
to occur before the wind shift. 

 
The main point emphasized here is that you should c arefully 
examine all factors identifying a front before you decide to 
call it a front or call it a trough. 
 
Mesoscale Models 
 
Identification of mesoscale features is a challenge  due to the 
general lack of mesoscale data. Standard surface ob servations, 
except in special networks, have a sub-synoptic spa cing. Upper 
air data have synoptic scale spacing. Satellite ima gery and 
radar data provide qualitative mesoscale informatio n. By 
combining these data sources and mesoscale models, you can get a 
good feel for what is happening on the mesoscale. 
 
Boundaries: A feature that is found on mesoscale as well as 
synoptic scale charts is the boundary. A boundary is a 
curvilinear-discontinuity characterized by cyclonic  shear and 
convergence. To be significant, a boundary should p ersist from 
one chart to the next. Transient boundaries are usu ally of 
little importance. This definition fits many featur es including 
fronts and troughs. 
 
Mesohigh: A cluster of thunderstorms often accumulates a po ol of 
cool air at the Earth’s surface under the cluster. This cool air 
originates from the thunderstorm downdrafts. The ai r is denser 
than surrounding air and creates a mesoscale high p ressure 
center, commonly referred to as a mesohigh or bubble high. The 
boundary that is created between the cool air and t he surround-
ing warm humid air is called an outflow boundary or  convectively 
induced boundary. Figure 6-4 shows a schematic of t hese 
features. 
 
The core of the cooler air is shown by the letter H  (high 
pressure center) surrounded by several isobars. The  air flows 
away from the high center (thin arrows) toward the thick line or 
boundary. The warm humid air is found to the right and below the 
boundary with wind flowing into the boundary. This schematic was 
originally proposed by Fujita in 1955. 
 
The boundary between the cool high and warm humid a ir is a 
favored location for the development of new convect ion. The low 
level convergence of warm, moist, unstable air alon g the outflow 
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boundary produces the low level lift needed for con vective 
initiation. If the cool air covers a sufficient are a, it can be 
identified in a sectional chart. 
 

 
Figure 6-4: Schematic of a Mesohigh Center 

 
Figure 6-5 shows an example of a mesohigh on a surf ace chart for 
1400 UTC, 01 June 2008. Thunderstorms are occurring  across north 
central Oklahoma, with rain extending north into so uth central 
and southeast Kansas. Various boundaries are shown on the figure 
as solid lines from central Kansas into northern Mi ssouri, 
across the Texas Panhandle, and from Arkansas into east central 
Oklahoma. The boundary that curves from southeast K ansas, into 
northeast Oklahoma, to central Oklahoma is the outf low boundary 
associated with the thunderstorm complex. Note that  temperatures 
within the outflow are 5 to 10 degrees Fahrenheit l ower than the 
air to the east and south. Although pressure values  are a little 
difficult to see on this presentation, there is a m esohigh 
center between Chanute and Wichita, Kansas, marked as an H. The 
winds around the mesohigh are flowing outward from the high 
center toward the outflow boundary. Winds across Te xas and 
Oklahoma are from the south and continue to “feed t he mesoscale 
beast,” that is, the thunderstorm complex in northe rn Oklahoma. 
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Figure 6-5: Example of a Mesohigh and Outflow Boundary 

 
Concluding Remarks 
 
This chapter is not a comprehensive discussion of a ll possible 
atmospheric analysis models. It only touches on a f ew of the 
more important ones. Other topics covered in other chapters may 
be considered types of analysis models. For example , the concept 
of geostrophic wind in Chapter 5 and Chapter 9 on “ Waves in the 
Westerlies” fall into this category. 
 
The idea of an atmospheric model is to be able to u se the 
idealized representation of a weather system to hel p you as a 
forecaster visualize the weather system, its associ ated weather, 
and its evolution. Models provide a distribution in  time and 
space of what the system looks like in three dimens ions. It 
gives you a sense or feel for the weather system an d how it 
changes over time. These things are important to yo u as a 
forecaster. 
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