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FORECASTING SNOWFALL USING MIXING RATIOS 
ON AN ISENTROPIC SURFACE

AN EMPIRICAL STUDY

Crispin Garcia Jr
National Weather Service Forecast Office 

Milwaukee, Wisconsin

ABSTRACT

This study attempts to correlate isentropic mixing ratios and the amount of 
snowfall produced by different snow events. During the course of the study, a 
forecast technique was developed that utilized real-time quantitative moisture 
values (mixing ratios) to predict maximum snowfall during the ensuing 12-hour 
period.

The forecast technique lists seven steps for analyzing isentropic plots and 
associated cross sections. These steps are necessary in order to isolate the mixing 
ratios which will be most pertinent to a forecasted or ongoing snow event. From 
empirical evidence gathered during the six years of the study, a scale was developed 
that directly related mixing ratios on an isentropic surface to maximum snowfall 
using an approximate 2 to 1 ratio.

Included are three case studies detailing snow events ranging from light to 
heavy snowfall. The studies concentrate primarily on isentropic analyses with only 
a minimal amount of standard pressure level or prognostic information. The case 
studies point out the value of isentropic analyses and how isentropic mixing ratio 
information can be applied to expected snowfall in a 12-hour (nowcast) period.

1. INTRODUCTION

The lack of a forecast scheme that could incorporate real-time quantitative 
moisture values and snowfall amounts has always been a hinderance to forecasters. 
Past forecast approaches have used 850 mb dew points or precipitable water to 
predict snowfall amounts. However, these methods have not always been successful 
since their use cannot consider the moisture advection process within a three 
dimensional framework. Often times, the QPF (Qualitative Precipitation Forecast) 
from the Eta1 and NGM computer models are used for 12-48 hour snowfall forecasts 
by utilizing a liquid to snow ratio.

'The Eta model QPF replaced the LFM model in 1993.



Isentropic analysis is ideally suited for fall and winter systems since synoptic 
scale air masses tend to move along isentropic surfaces and are less convective in 
nature. Convection will make air parcels jump off isentropic surfaces so little or no 
continuity is possible. Diurnal heating and cooling as well diabatic heating associ
ated with thunderstorms in the summer can often cause large changes in the 
isentropic surfaces. The cooling and warming of isentropic surfaces (causing a 
change in the elevation of the isentropic surfaces) in winter storms can also provide 
some continuity problems, but much less than in the summer. The rise and fall of 
isentropic surfaces during winter storms and snow events are generally due to 
warm and cold advection , but these factors are much easier to take into account.

In late 1986, the NWS Forecast Office in Milwaukee, Wisconsin (MKX) 
installed an AFOS (Automated Field Operations and Services) isentropic plotting 
program written by Little (1985). The forecast staff began using the isentropic plots 
generated by this program on an as-needed basis in January 1987. AFOS was 
eventually set up to run one plot automatically every 12 hours with the receipt of 
the new upper air data. The isentropic plot level was changed according to the 
season and any additional levels were run manually. A study was initiated in 
January 1987 that sought to correlate snowfall amounts with the amount of 
moisture available to the snow producing system.

2. APPROACH

Historically, many meteorological studies in the 1930s and early 1940s 
recognized the importance of the 10,000 foot level for forecasting weather. When 
the U.S. Weather Bureau converted to constant pressure surfaces many of these 
early studies were considered applicable to the nearest standard pressure level 
700 mb.

The 700 mb level is used by the NGM and Eta progs to depict vertical 
velocities and mean (SFC-500 mb) relative humidities (RH). Forecasters eventually 
developed a rule-of-thumb that linked 70% + RH with general cloudiness and 90% + 
RH with precipitation depending on the strength of the associated upward vertical 
velocities (UW) and adjusted somewhat from season-to-season. In addition, the 700 
mb net vertical displacement (NVD) prognostic chart depicting synoptic scale lift 
became the foundation for the “Magic Chart” technique (developed using the LFM 
model) of heavy snowfall forecasting (Chaston, 1989).

At the onset of this study, it was realized that a standard reference level in 
the atmosphere would be needed to focus forecaster attention on a particular layer 
where the most significant parameters were ocurring or expected to occur. After 
evaluation of two early January 1987 snowfall case studies, the 700-750mb layer 
was chosen. One of the reasons that this level was selected was that it closely 
coincided with the aforementioned 700 mb products. Secondly, if one considers the 
large volumetric flow into a winter cyclone, it is easy to imagine a "conveyor belt" of 
moisture ascending isentropically into the middle levels of the atmosphere. Based 
on observations over the past several years, moisture arriving at the 700-750 mb 
layer fmds itself at the optimum elevation for use by the engine of a winter storm.

2



3. DATA

The AFOS isentropic program used at the Milwaukeo/Sullivan office produces 
a tailored plot for the central portion of the U.S. The isentropic station model at 
each rawinsonde location contains an analysis of pressure, condensation pressure, 
mi-ring ratio (specific humidity), and an actual or interpolated wind direction and 
speed. In addition, if the temperature and dew point depression is within 5 
degrees, the station circle is shaded. Should the plotted isentropic surface intersect 
the ground at a certain station, a missing symbol is plotted. If the mixing ratio at 
a certain station is less than one tenth g/kg then the mixing ratio and the 
condensation pressure both are plotted as 999. A diagram of the isentropic station 
model plot at>H a brief definition of potential temperature is located in Appendix A.

4. PROCESS

A technique was developed at MKX that provided a “quick look* at new 
upper air data at the beginning of a 12-hour period. The technique lists a series of 
steps that should be used to view the data in a three dimensional isentropic aspect 
that complements the analyses of standard pressure levels. Often, the time element 
ran be crucial in a fast developing weather situation. It is realized that a system of 
analysis that proves too cumbersome to use will not be utilized. A streamlining of 
the technique will likely emerge after familiarity with this method of isentropic 
analysis.

In many cases of light and moderate snowfall, steps 6 and 7 are more 
simplified since the mixing ratios that will be available to a snow system are 
already within or near the “area of concern*. A more detailed example of steps 6 
and 7 is provided later in this paper (Heavy Snowfall Event) while describing the 
isentropic processes of an intense winter storm.

If time allows, an additional isentropic surface plot should be considered, 
approximately 3 to 6 degrees Kelvin cooler than the original isentrope. This second 
plot will help depict the moisture field at a lower level in the atmosphere. The 
Surface Mixing Ratio (SMR) graphic from AFOS Data Analysis Programs (Bothwell, 
1985) can also be referenced when isentropes dip beneath 900 mb. In this 
situation, the mbring ratios at the lower isentropic level will tend to reflect or 
compliment the mbring ratios seen at the surface. It is important to keep a 
continuity of the same isentropic surface plot(s) to see if the surface decreases or 
increases in elevation or remains the same. This tends to affect the mixing ratios 
seen on that surface (i.e., an increase in elevation will generally produce lower 
mbring ratios and correspondingly a decrease in elevation will have higher mixing 
ratios). However, it is even more important to keep track of the location of the 
700-750 mb layer used in step 3 of this technique.

3



The Technique

1. Determine the geographical location of the ‘area of concern'. This "area of concern" is 
HpfinaH as that area where potential snowfall would create travel or safety problems. The location 
of this area can generally be deduced by using one or more of the forecast placement techniques 
located in Appendix B.

2. Run an isentropic cross section through this area, preferably parallel to the prevailing flow 
in the immodiatA region. (There are 18 different cross sections set up in the AFOS computer in 
the Milwauke^/Sullivan office). A cross section plot run parallel to the flow will provide a better 
depiction of the isentropic sloping in the air mass under investigation..

3. Through interpolation on the cross section determine which isentropic surface (degrees 
Kelvin) best intersects the 700 mb to 750 mb layer over the 'area of concern'. An example cross 
section is provided (Heavy Snowfall Event).

4. Run the selected isentropic surface, the 295K surface plot, for example. Then analyze th
pressure surfaces every 50 mb and the mixing ratios every 1 g/kg. This detailed analysis will al
serve to point out any bad upper air data or an erroneously plotted element The isentropic 
program will occasionally plot a station wind with the wrong direction. If the station mixing rat
appears too dry or too moist when compared to surrounding stations, investigate for accuracy by 
looking at that station's sounding.

e 
so 

io 

5. A quick sketching of streamlines over these two fields is optional but recommended. This 
will help in visualizing the flow and assessing whether the air is moving up or down the isentropic 
slope (across the pressure contours). If the flow is parallel to the analyzed pressure surfaces, then 
little ascent or descent of the air parcels is implied. This determination can often be aided by 
referring back to the original cross section.

6. An effective mixing ratio value for the 12-hour period can be calculated by averaging the 
mixing ratio over the 'area of concern' and the highest mixing ratio that could be adverted into 
this area. This average mixing ratio value will provide the basis far the maximum snowfall 
forecast One way of approximating where the highest mixing ratio may lie upstream is to use the 
wind field on the isentropic plot The direction of origin can be derived from the streamlines in 
Step 5 or by visually «««es«ing the prevailing flow on the plot A simple estimate of the distance 
from the "area of concern" to the location of the highest (maximum) mixing ratio can be obtained 
by multiplying the average wind speed by the time period (12 hours). For example, 30 knots times 
12 hours yields a distance of 360 nm. Remember that this is just an approximation of the distance 
cinre the air parcels are moving along a slope and not horizontally.

PVrnTnplaa- The 2.5 g/kg mixing ratio in the "area of conem" will be reinforced 
by a 3.5 g/kg mixing ration (360 nm. away). In this case, the effective mixing 
ratio far the 12-hour period is 3 g/kg, not a significant difference in moisture.
However, the advection of a mixing ratio value of 6.5 g/kg would raise the 
averaged value to 4.5 g/kg.

7. The strong dynamic forcing (lift) necessary for maximum snowfall will be caused by an 
extra-tropical cyclone, vortidty maximum, jet streak and so forth. Determine if the dynamic 
forcing will exist for most or just part of the 12-hour period. Frequently, the assumption can be 
made that the forcing will be sustained for much of the period. This will be a subjective opinion 
based on analyses and observations, or an opinion based partially or wholly on model input. 
However it is made, this determination will have an impart on whether the 'potential' snowfall is 
actually realized.
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Empirical observation has shown that an approximate 2 to 1 correlation 
exists between the average mining ratio (determined in step 6) and the maximum 
snowfall amount. This relationship has been confirmed many times in case studies 
and in actual forecast situations over the past six winter seasons. The snowfall 
scale (below) was originally developed for Wisconsin and neighboring states. 
However, case studies done at this office, have shown that the scale is applicable to 
much of the central portion of the U.S. from the Northern to the Southern Plains 
and the Ohio Valley region. This technique is not suited for the localized 
phenomena of “lake effect” snowfall common around the Great Lakes region. 
Whether this snowfall forecasting scheme can be used successfully on the East or 
West Coast is unknown at this time. Their proximity to the copious moisture of the 
Atlantic and Pacific Ocean plus the orographic lifting provided by the mountains 
introduce important factors not accounted for in this study.

SNOWFALL SCALE 
(12 HOUR PERIOD)

- 2 g/kg = 2- 4" snow

- 3 g/kg = 4 - 6" snow

- 4 g/kg = 6- 8" snow

- 5 g/kg = 8- 10" snow

- 6 g/kg = 10- 12" snow

- 7 g/kg = 12- 14" snow

shown an this scale should be '
average mi-ring ratios. The snowfall amounts should be considered 
Tntnrimnm snowfalls for a 12 hour period.

5. CASE STUDIES

Three case studies dealing with differing snowfall situations are examined 
and the isentropic information provided at the beginning of each 12 hour period 

.3

analyzed. Since the emphasis is on isentropic analyses and mixing ratios, there
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only a minimal amount of standard pressure level or prognostic information.

A. Light snowfall event - January 2, 1991
B. Moderate snowfall event - January 19, 1987
C. Heavy snowfall event - October 31 - November 2, 1991

5



A. Light Snowfall Event - January 2, 1991

Surface Synoptic Pattern

Arctic high pressure building into the Northern Plains was centered over 
South Dakota by 2100 UTC (Figure 1.0). The high was ridging east into the 
western Great Lakes. The cold and dry air mass was producing single digit 
temperatures and sub-zero dew points. A light snow event that began in South 
Dakota at 0600 UTC had spread into southern Wisconsin by this time. The 
following weather depiction charts (Figures A through E) show ceiling heights, 
visibilities, and precipitation type from 0600 to 2100 UTC.

Figure 1.0 
points in °F.

6



7

fA

FB

F
C

Figure D

FE



A band of light to moderate snow developed from South Dakota into northern 
Iowa between 0600 and 1200 UTC. Satellite imagery (not shown) showed a 
compact but vigorous vorticity maximum (vort max) and minor trough moving east 
over the affected area. The vort max was projected to track to southern Wisconsin 
(which was now the *area of concern") during the day.

After running an isentropic cross section from Rapid City, South Dakota to 
Flint, Michigan (not depicted), it was determined that an isentropic plot at the 290K 
level would intersect the 700 and 750 mb layer (about 9,000 to 10,000 feet in 
altitude) over southern Wisconsin (Figure 1.1). In this particular case, the “area of 
concern" would be directly beneath the path of the vort max. Since a persistent 
and fast westerly flow had been noted at this level during the past 24 hours, it was 
concluded that the meager moisture available over this region was likely of Pacific 
origin. The mbring ratio analysis over the “area of concern" at the 290K level 
showed values just over 1 g/kg to just under 2 g/kg. With the lack of upper air 
data over Iowa, it was decided that a minor range of 1 to 1.5 g/kg would be used as 
the average mixing ratio. Using the “2 to 1* rule, it was determined that a maxi
mum snowfall of 2 to 3 inches would be possible during the next 12 hours. This 
calculation was simplified by a high confidence that no other moisture would be 
available to this weather feature.

8
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The snowfall map for January 2, 1991 (Figure 1.2) shows the narrow swath

Figure 1.2 Total snowfall (inches) January 2, 1991.

Specific snowfall amounts for toe event

Huron, SD 1" Sioux Falls, SD 2" Spencer, IA
Mason City, IA 1" Waterloo, IA 1" Dubuque, IA

In southern Wisconsin

Platteville (20 mi. northeast of DBQ) 2.3"
Kenosha (32 mi. south of MKE) 2.3"
Afton (37 mi. southeast of MSN) 2.0"

Lafayette Co. (southwest WI) . "2 0
Green Co. (south central WI) 1.8"

Outside of toe main snow band

WSFO Sullivan 0.5" Milwaukee 0.4" Madison

Rockford, IL 0.1" Chicago, IL Trace

9



B. Moderate Snowfall Event - January 19,1987

Synoptic Pattern (500 Millibar)

On January 18, a weak surface low pressure area in the Gulf of Mexico had 
moved into southern Louisiana at 1200 UTC (Figure 2.0) At the same time, a 
closed 500 mb low over southeast New Mexico was preparing to move northeast as 
a 250 mb wind speed maximum (120 knot, not depicted) swung around the base of 
the upper trough.

Figure 2.0

By 1200 UTC, January 19, the surface low had moved to southern Indiana 
and had intensified from 1005 mb to 996 mb (Figure 2.1). The 500 mb low had 
moved to southern Missouri while deepening 120 meters. A 300 mb jet maximum 
(120 to 140 knot, not depicted) continued to move around the base of the upper 
trough.

10
Figure 2.1



By 1200 UTC, January 20, the surface and 500 mb lows had lost their 
identities as the dynamic support lent by the upper level jet maximum had moved 
east into the Atlantic Ocean (Figure 2.2).

Figure 2.2 600 Millibar pattern.

On an isentropic analysis chart, air moving from higher pressure to lower 
pressure implies upper vertical motion. Conversely, air moving from lower pressure 
to higher pressure implies sinking motion. Optimum isentropic lift is usually 
achieved when the rising air moves perpendicular to the constant pressure levels. 
The 290K isentropic plot for 1200 UTC, January 18 is shown in Figure 2.3. The 
290K surface intersected the 700-750 mb layer (shaded for emphasis) that stretched 
from central Texas and Oklahoma to southern lower Michigan. Cold and dry air 
was descending south and east from the northern Plains, while a moist southerly 
flow at 15-25 knots was pushing west across Oklahoma into the Texas Panhandle.
A distinct area of cross-contour flow was noted from Louisiana across Arkansas into 
Oklahoma. Overrunning precipitation that had developed in this area was being 
fueled by a field of mixing ratios that reached values as high as 11-12 g/kg near the 
Gulf of Mexico. The well-defined cross-contour flow and isentropic lift from 
Louisiana to Oklahoma may have been the combined product of the developing 
system and the indirect circulation underneath the exit region of the upper-level jet

The synoptic pattern at 0000 UTC, January 19, included a surface low near 
the Mississippi/ Tennessee border. The 700 mb low was in eastern Oklahoma and 
the 500 mb low was in western Oklahoma. The 29 IK isentropic plot (Figure 2.4) 
showed a strong cyclonic circulation in Arkansas, Missouri, Kansas and northeast 
Oklahoma, in the vicinity of the 700 mb low. The circulation helped to enhance the 
isentropic lift as air was moved from higher to lower pressures by the cross-contour

11
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flow. This lift was most evident in Missouri where moisture was being advected in 
by southeast winds to 30 knots at Monett, Missouri. The strong mixing ratio 
gradient had taken on the appearance of a “bulge" extending northwest from 
Alabama to Kansas and Oklahoma. Meanwhile, a cold dry wedge was moving east 
across Texas as air descended from lower to higher pressure and an S-curvature 
was beginning to develop in the pressure contours.

With the surface low and upper lows expected to track northeast, Missouri 
and central portions of Illinois and Indiana became the “area of concern*. 
Unfortunately, due to worries about snowfall potential in southern Wisconsin, the 
700 to 750 mb layer was positioned there and not over the “area of concern* of this 
case study. Although a somewhat warmer isentropic level (293K for example) could 
have been plotted to place the 700 to 750 layer over Missouri and Illinois, the 
moving ratios in the 750 to 800 layer closely approximated the values seen a little 
higher up. Ambient mixing ratios in the “area of concern* were in the 3-5 g/kg 
range with the possibility of advecting in 6-7 g/kg mixing ratios from the southeast 
However, the variation in wind speeds from Monett, Missouri to Salem, Illinois to 
Nashville, Tennessee made it difficult to assign an advection speed (an average 
speed of 18 knots was assumed). With 3-5 g/kg over the “area of concern*, the 
potential for a 6 to 10 inch snowfall appeared quite high. Using the isentropic 
technique for averaging mixing ratios, the advection of 6-7 g/kg could produce an 
additional 1 to 2 inches.

By 1200 UTC, January 19, the pressure contours on the 290K isentropic plot 
(Figure 2.5) were showing the distinct S-curvature of a mature and occluding 
weather system. The surface low was entering southern Indiana, while the 700 mb 
low was over central Illinois and the 500 mb low over southern Missouri. There 
was a widespread area of light snow occurring across the middle Mississippi and 
Ohio Valley with a band of moderate-heavy snow from Missouri to central Illinois.
As with the previous plot, the 700 to 750 mb layer was not positioned directly over 
the “area of concern9 due to snowfall concerns for Wisconsin. However, mixing ratio 
values near the 750 mb layer cut-off indicated mixing ratios in the “area of concern9 
would likely have been in the 3-5 g/kg range as depicted on the 290K plot. The 
wrap-around circulation of the system continued to pull moisture westward with 6-7 
g/kg mixing ratios in northeast Kentucky. Once again, the speed of the advection 
wind was difficult to determine since no upper air data was available over Indiana 
and only a weak southeast wind of 5 knots was noted at Dayton, Ohio. The best 
forecast strategy for situations, such as this, is to use ambient mixing ratio values 
over the “area of concern9 as the basis of a maximum snowfall forecast, keeping in 
mind that strong moisture advection could increase the snowfall totals by a few 
inches.

The heavy snow would eventually spread from Indiana into northwest Ohio 
and southeastern lower Michigan. The snowfall map for January 19, 1987 (Figure 
2.6), shows the snowfall band over a portion of the “area of concern9.
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C. Heavy Snowfall Event October 31 - November 2 1991

A major winter storm struck Minnesota and northwestern Wisconsin, during 
the period from October 31 - November 2, 1991. The storm produced strong winds 
and dumped 2 to 3 feet of snow in that area. It was dubbed “The MegaStorm” by 
the National Weather Service Forecast Office in Minneapolis. This case study is not 
intended to be a complete and definitive work on this storm, since the emphasis will 
be on isentropic analyses.

A sequence of surface maps (Figures A-F) from 0600 UTC 1 November to 
1200 UTC 2 November 1991 are provided on the following page. The sequence 
begins with the surface low in northeast Missouri (Figure A) and ends with its 
position over Lake Superior (Figure F). The extratropical cyclone had originated in 
southeast Texas.

The rapid intensification and slow movement of the storm to the north- 
northeast, would allow for a large amount of moisture to be drawn into the system 
from the Gulf of Mexico. The storm was preceded by a period of warm air 
advection (overrunning) snowfall that produced 1 to 3 inches from Minneapolis to 
Duluth, Minnesota and in northwest Wisconsin before 0000 UTC 1 November.

In addition to the large volume of moisture being transported northward, 
mild air (above 0 °C) was reaching well into the middle layer of the atmosphere 
(700 mb) over Wisconsin and Minnesota. One of the forecast difficulties associated 
with this winter storm was determining the exact geographic location of the change
over from rain to snow. Although all of Minnesota would remain cold enough for 
snow, Wisconsin would experience a mixture of precipitation types including rain, 
snow, freezing rain and sleet.

This snow event differs from the other case studies in this paper, since the 
time duration for this event surpassed 48 hours. This necessitates a slightly 
different approach that provides a cumulative method of forecasting snowfall when 
the initial 12-hour period is exceeded. The cumulative method emphasizes steps 6 
and 7 of The Technique. However, these steps must be carried out for each and 
every 12-hour period that the snow event is in progress. The main purpose of the 
cumulative method is to provide a “nowcast* tool that can be used when snow 
continues to accumulate during an extended winter storm.

To briefly summarize Steps 6 and 7:

6. Determine an effective mixing ratio value for the 12-hour period. This can be 
calculated by averaging the ambient mixing ratio over the “area of concern* and the 
mflvimnm mixing ratio that can be advected into this area.
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7. Determine whether the strong dynamic forcing Gift) necessary for maximum 
snowfall (Le. extra-tropical cyclone, vorticity maximum, jet streak, etc.) will exist for 
most or just part of the 12-hour period. This will be a subjective opinion based on 
analyses and observations or an opinion based partially or wholly on model output. 
However it is made, this determination will have an impact on whether the 
potential" snowfall is actually realized.

The 295K isentropic plot at 0000 UTC 1 November (Figure 3.0) placed the 
700 to 750 mb layer over Minnesota and extreme northwest Wisconsin. A tight 
mixing ratio gradient was already evident hum this area southward. Mixing ratios 
from 3-4 g/kg over the "area of concern” increased to a high value of 10.4 g/kg at 
Paducah, Kentucky.

Figure 3.0 295K isentropic plot The 700-750 mb layer is shaded for emphasis. Arrow over
Wisconsin denotes rising motion, while arrow over the Texas Panhandle shows sinking motion.
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A 30 knot southeast wind at Green Bay, Wisconsin suggested that the air 
that would arrive in the Duluth area 12 hours later, would come from a point over 
southern T^kp Michigan (a distance of just over 400 miles). A parcel of air moving 
along this trajectory on the 295K isentrope could theoretically rise 145 millibars 
during the next 12 hours or roughly at the rate of 3.4 microbars per second.

At 0000 UTC, the analyzed mixing ratio value at Minneapolis was about 5 
g/kg and the interpolated mixing ratio at Duluth, 3.5 g/kg. With a maximum 
miving ratio of 8 g/kg, over southern Lake Michigan, the averaged 12 hour mixing 
ratio for Minneapolis would be 6.5 g/kg and 5.5 g/kg for Duluth. This would yield 
mgvimiim snowfall amounts of 13 inches and 11 inches respectively for the 12-hour 
period.

Officially, Minneapolis received 11.6 inches during this period and Duluth 
measured 7.7 inches. In extreme northwest Wisconsin, the town of Luck reported 9 
inches. Several cooperative observers in this same area near the Minnesota border 
reported snowfall totals of 8 to 12 inches by 1200 UTC, but it is not certain whether 
the observers' snow fell within the 12-hour window.

At 1200 UTC, the 295K isentropic surface was used again since it continued 
to place the 700 to 750 mb layer over the “area of concern* (Figure 3.1). This 
fortunately also allowed continuity with the 0000 UTC plot. The 295K surface had 
only dropped slightly (from 717 mb to 721 mb) at Saint Cloud, MN between 0000 
UTC and 1200 UTC. The pressure contour and mixing ratio fields continued to 
push northward and intensify as the warm advection became more pronounced from 
the Gulf of Mexico to the Great Lakes region.

A cold, dry pocket of air wrapped around from the Dakotas through Kansas 
and into Missouri. Southeast winds had strengthened to 50 knots at Peoria, Illinois 
and 35 knots at Green Bay, but were only about 10 knots at Saint Cloud. This 
wind field implied that strong convergence was occurring in the area bounded by 
these stations and this was confirmed by the dense gradient of mixing ratios as the 
moisture piled into eastern Minnesota and northwest Wisconsin. The mixing ratio 
at Minneapolis had increased to near 6 g/kg and to an interpolated value of slightly 
over 4 g/kg at Duluth.

The storm was now located near Moline, Illinois and had deepened to 997 mb 
(Figure B). It was expected to remain on a track to the north-northeast which 
would keep northwest Wisconsin and eastern Minnesota in the heavy snow area. 
With the possibility that the 9 g/kg mixing ratio entering southern Wisconsin would 
be advected into the “area of concern* (Figure 3.1), the averaged values for 
Minneapolis and Duluth were 7.5 g/kg and 6.5 g/kg, respectively. The maximum 
snowfall for the next 12 hours could be an additional 15 inches at Minneapolis and 
13 inches at Duluth. However, since the forecast models were moving the surface
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low to the northeast of Minneapolis during the latter part of this period (Figure D), 
the maximum potential snowfall would not be realized at Minneapolis because as 
the low moved north:

1. The lift dynamics would be on the decrease, and
2. The moist southeast flow would be cut off.

Officially, the measured snowfall at Duluth was 13.8 inches (near the 
maximum potential) with 9.3 inches at Minneapolis (well short of the potential 
maximum) during this 12 hour period.

At 0000 UTC 2 November, the 295K isentropic surface continued to place the 
700-750 mb layer over northwest Wisconsin and northeast Minnesota (Figure 3.2). 
The 295K isentropic surface had provided 24 hours of continuity over the same area 
which, in itself, may be a rarity associated only with the most intense of winter 
cyclones. This was likely due to the strong circulation that wrapped a good deal of 
mild air around the storm. This kept the isentropic surfaces from rising by balanc
ing out the evaporative cooling that was occurring over the heavy precipitation area.

The diagram below shows the isentropic cross-section used to locate 
the 700-750 mb layer over Duluth and the “area of concern11. In this 
case, the closest cross-section available extended from International 
Falls,'Minnesota to Green Bay to Dayton, Ohio. The cross-section 
bisected the "area of concern", parallel to the prevailing flow. Once 
the approximate location of this layer over Duluth was identified, 
the isentrope correspond ing best to this point was plotted. Note, the 
upward lift supplied by the flow moving along the sloping isentropic 
surfaces.

f
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Figure 3.2 295K isentropic plot Arrow over northwest Wisconsin denotes wrap-around
circulation and area of higher mixing ratios. Arrow over southwest Wisconsin shows dry air
intrusion.

It was also apparent from this isentropic plot that the strong circulation was 
keeping the coldest air just outside of the “area of concern* However, the cold and 
dry air that was being drawn into the region behind the storm had shifted the pres
sure and mixing ratio isolines farther to the east and north. The moist southeast 
low level jet earlier noted at Peoria (Figures 3.0 and 3.1) had become a dry south
west low level jet as the cold air advection forced the 295K surface upward from 
895 mb at 1200 UTC (Figure 3.1) to 711 mb at 0000 UTC (Figure 3.2). The 295K 
isentropic surface at Green Bay had also risen to 711 mb as the cold air surged in 
around the upper low, even though the wind at Green Bay was still southeast at 40
knots.

The intense circulation around the storm had contorted the isobars into a 
pronounced S-curve signature. This was also reflected in the moisture gradient 
field as the mixing ratios wrapped around to the west across northern Wisconsin.

The surface low at this time had deepened to 989 mb (Figure D) and had 
been dubbed “The MegaStorm”. The central pressure would eventually drop to 986 
mb over Upper Michigan at 0600 UTC 2 November (Figure E) before beginning to 
fill (Figure F).
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The mixing ratios by 0000 UTC 2 November over the “area of concern" were 
around 3 g/kg at Minneapolis and just over 6 g/kg at Duluth (Figure 3.2). No 
additional moisture advection was expected at this point. The ambient mixing ratio 
values could convert to 6 and 12 inches respectively. However again, the dry air 
advection and decreasing lift would limit potential snowfall during the next 12 
hours as the low moved north across Lake Superior.

Therefore, instead of the maximum potential snowfall of 6 inches,
Minneapolis received an additional 3.8 inches. At Duluth, 9.2 inches fell instead of 
a possible maximum of 12 inches between 0000 and 1200 UTC 2 November.
Duluth would go on to record another 4.4 inches between 1200 UTC 2 November 
and 0000 UTC 3 November.

During the 48-hour period between 0000 UTC 1 November and 0000 UTC 
3 November, Minneapolis recorded 24.9 inches and Duluth 35.1 inches. Total 
accumulations for the event were 27.7 inches and 36.5 inches, respectively. Most 
locations in extreme northwest Wisconsin reported snowfalls between 24 and 30 
inches for the storm (Figure 3.3).

f
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6. FUTURE APPLICATIONS

During the past winter, our office began to utilize data from the wind profiler 
network installed across the central portion of the U.S. to fill in the wind infor
mation void between rawinsonde releases. The profiler network can supply hourly 
wind plots at standard pressure levels and individual wind profilers can provide 
hourly sections, holographs, and other derived fields. When used in conjunc
tion with analyzed isentropic information, the profiler network can be used to 
confirm or adjust the advection forecast outlined in Step 6 of The Technique. The 
more pertinent hourly wind plots would be the 900 mb (FMA), 850 mb (8MA), and 
700 mb (7MA) levels. The wind profiler network has been proving to be a new and 
PYmting way to watch the development of wind fields, especially the low level jets 
associated with extra-tropical cyclones.

Operational use of PCGRIDDS (Meier, 1993), using gridded data from the 
NGM and Eta models, with its ability to forecast isentropic surfaces, is proving to 
be another powerful tool for the field forecaster. After downloading the gndded 
model data from Kansas City into our ORAT (Operational/Research And Training) 
computer, we use the hand-analyzed isentropic surface determined by The 
Technique as our “reference* surface. After comparing the model initialization with 
our reference for accuracy, a series of isentropic surfaces are computed from 12 to 
48 hours. Each isentropic surface depicts pressure contours, mixing ratios, and a 
wind field in knots. The PCGRIDDS computer program allows us to determine a 
range of potential temperatures, for example 280-290K, which are set to run with a 
temperature interval of 2 degrees Kelvin. The selected isentropic temperature 
surface is followed every 12 hours as long as it keeps the 700-750 mb layer over the 
“area of concern*. However, once the continuity is broken, another potential 
temperature is chosen that maintains the 700-750 mb layer over the “area of 
concern*. The miying ratio analysis on the isentropic surface can be set to produce 
isolines every one gram per kilogram, which provides an excellent moisture field 
resolution. A word of caution may be necessary here. All of the forecasted 
isentropic information obtained from PCGRIDDS will only be as good as the gndded 
model data itself. If it becomes apparent that the data is incorrect during the 
initial 12-hour period, the forecaster will still be able to make necessary adjust 
ments to the data to get some benefit from the information. In one particular 
situation last winter, a forecaster detected a low level jet on the profiler network 
where the gridded model data was only showing a 10-15 knot wind. This infor
mation allowed the forecaster to successfully increase the amount of moisture 
advection (maximum mixing ratio) and the corresponding snowfall forecast.

7. CONCLUDING REMARKS

An operational forecaster should expect to spend about 30 minutes analyzing 
isentropic information upon the receipt of new upper air data. An isentropic cross- 
section usually runs on AFOS in less than one minute, while the tailored isentropic
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plot generally takes 3 or 4 minutes. It is important to reemphasize that a detailed 
analysis of the mixing ratios, preferably every 1 g/kg, is essential in observing how 
moisture fields advance and recede during the lifecycle of a winter storm or snow 
event.

The availability of quantitative moisture values (isentropic mixing ratios) on a 
real-time basis (every 12 hours) has become an important asset to the field 
forecaster. With the capability of looking at overlying moisture fields (depending on 
the number of isentropic temperature surfaces plotted), a three-dimensional world of 
moisture advection can be utilized to predict maximum snowfall in a pre-defined 
area. However, it is beyond the scope of this paper to delve into the various “rules 
of thumb” that pre-define the “area of concern” for heavy snowfall. The mixing 
ratio forecast technique detailed in this paper helps to answer the question of “how 
much”, but not the question of “where”. There are many excellent papers and 
computer programs available that deal with the forecast placement of heavy snow
fall. The isentropic forecast procedure outlined in this paper is not a stand-alone 
technique, but should be part of a comprehensive approach that includes all of the 
tools and data at the forecaster’s disposal.
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APPENDIX A

isentropic Plot 
Station Model

ccc q ppp

ppp = pressure of isentropic surface (mb)

ccc = difference (mb) between pressure
at isentropic surface and condensation 
pressure

rrr = mixing ratio (g/kg x 10) 
wind speed (knots)

Definition:
An isentropic surface chart depicts meteorological 
parameters on a surface of constant potential 
temperatur© . Potential temperature is defined 
as the temperature a parcel of air would have 
if it were transported adiabatically to a pressure 
of 1000 mb. This definition allows the potential 
temperature to be computed as:

0 = T (1000/Pf / %
T = temperature P = pressure 
R = the gas constant
Cp = the specific heat of dry air at constant pressure
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APPENDIX B

“RULES OF THUMB” FOR HEAVY SNOW BAND PLACEMENT

The “rules of thumb” listed below were extracted from many different papers, 
publications, and other sources. They were compiled into The Winter Book, a 
WSFO Sullivan/Milwaukee station manual, by forecaster John Haase.

The heavy snow band is located:

1. 120 to 150 miles left of the surface low track.

2. 90 miles left of the 850 mb low track.

3. Along the track of the 700 mb anchor 500 mb low.

4. Vicinity of 500 mb vorticity maximum (vort max) path: varies from 60 miles left 
of the vort Tony in open trough or shear zone, to 150 miles left of vort max in 
circulation center or closed low.

5. North of the 700 mb closed contour.

6. Just to the north of the 164 height line at 200 mb.

7. Between the -2 °C to -5 °C temperature at 850 mb.

8. Between the 534 to 540 thickness contours.

9. Near the mean 500 mb temperature of -30 °C.

10. At the surface temperature of 27 to 35 °F.

11. Between the -5 °C to -10 °C temperature at 700 mb (a few offices in the north
ern part of the U.S. prefer to use -11 °C).

Other rules and techniques:

12. K index values of 10 to 20 needed in source region for heavy snow.

13. Various satellite techniques for placement of heavy snow bands (Morrison, 
Johnston, among others).
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