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ABSTRACT 

The major storm through the Midwest during the period 26 January 

t o  28 January, 1967 was investigated to  determine the cause of the 

narrow be1 t of exceedingly heavy snowfall, and t o  i l l u s t r a t e  the 

re la t ionship  between the broad scale  a i r  motion and the synoptic and 

mesoscale precipi ta t ion pattern.  The three-dimensional wind f i e1  d has 

been studied by means of i sentropic  analyses; and the precipi ta t ion 

patterns by means of mesoanalyses of the Weather Bureau's hourly 

precipi ta t ion data.  

I t  was found t ha t  a low level wind maximum and the conservation 

of potential  vor t ic i  ty  of a parcel of a i r  involved i n  the upgl ide 

motion over the warm f ron t  were a key t o  the production of convective 

i n s t a b i l i t y  and the result ing mesoscale precipi ta t ion pat tern .  

The atmospheric water balance was calculated f o r  a small section 

of t h i s  storm w i t h  good resu l t s .  
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CHAPTER I 

INTRODUCTION 

The generalized patterns of precipitation in mi dl a t i  tude depressions 

are widely accepted. These patterns, based on the ijorwegi an School 

model call  fo r  a large shield of l igh t  b u t  more or less continuous pre- 

c ipi ta t ion ahead of the advancing warm front ,  and a narrow band of 

heavy, b u t  of short duration, precipitation along the cold front .  These 

precipitation patterns are a resu l t  of dynami cal ly induced broadscal e 

ascent. however, often there are observed significant features in the 

precipitation di s t r i  buti on on the sub-synopti c scale which renders a 

much niore complicated pattern than that  ascribed by the model. 

Wexler and Atlas (1959) found through detailed radar analysis of 

wintertime cyclones that  on the northerly side of an easterly moving 

depression there was an abrupt change from a relat ively uniform echo 

pattern to a cel lular  pattern. This abrupt change, they reasoned was 

caused by the advection of dry a i r  ahead of the upper level trough to 

the right of the j e t .  This dry subsiding a i r  in combination with 

lower saturated a i r  forms a convectively unstable layer which i s  in- 

volved in the upgl ide motion over the warm front .  

Browning and Harrol d (1 969) found that  the dynami cal ly i nauced 

ascent was responsible for  triggering a pre-existing region of high 

level potential ins tab i l i ty  thereby producing the small-scale convective 

generator ce l l s  detected with an AN/TPS-10 radar. These high level 

ce l l s  caused the banded structure in the precipitation pattern of the 

travel 1 i ng wave depression. 



Sawyer (1952) concluded t ha t  the sub-synoptic sca le  patterns of 

precipi ta t ion were produced e i  tller by small sca le  overturni n y  asscci ated 

w i t h  ve r t i ca l  i  nstabi 1 i  t y  o r  forced orographi c 1 i f t i  ng . 
During the period 26-28 January, 1967, a major wintertime cyclone 

moved northeastward across the central  United S ta tes .  Embedded within 

the vas t  precipi ta t ion shie ld  accompanying this depression was a small 

area of g rea te r  in tens i ty  precipi ta t ion.  This localized area can be 

traced through a t  l e a s t  3 consecutive map times, a  duration of more than 

30 hours. The integrated e f f e c t  of t h i s  subsynoptic sca le  phenomenon 

was a 1 ong, narrow be1 t ,  approxinlately 550 miles long and 120 miles 

wide, of unprecedented snowfall through the upper midwest. (Smith, 1967: 

Bunting and Lamb, 1968) ( f i g .  1 1. Record snows were commom from 

western I1 1 i noi s  t o  1 ower Mi chi gan . 
The ainis of t h i s  investigation are tcvofol d. First t o  describe the 

broad sca le  flow pattern around t h i s  depression, and second, and most 

important, t o  describe or1 the subsynopti c  sca le  the par t i cu la r  mechanism 

f o r  producing the necessary ver t ica l  i nstabi 1 i  t y  resu l t ing  i n  the pre- 

c ip i  t a t i on  anomaly. 

Tnis par t i cu la r  storm was selected fo r  study f o r  numerous reasons. 

Fi rst ,  the Midwest has a great  density of upper a i r  soundings, surface 

s t a t i ons  and hourly precipi ta t ion gauges. Second, the t e r r a in  i s  

I r e l a t i ve ly  f l a t  and orographically induced precipi ta t ion can be con- 

I s idered as  negl ig ible ,  leaving only localized areas of ve r t i ca l  i n s t ab i l -  

i t y  as a generating mechanism of the precipi ta t ion anomaly. Third, and 

f i n a l l y ,  this stonn dramatical ly  i 1 l u s t r a t e s  the tremendous economic 

and physical hardships resul t ing from such a storm and points out the 

I need fo r  more accurate forecast ing of mesoscale phenomenon. 



Figure 1 .  Track of the low pressure center. Small squares denote 
radiosonde s ta t ion  locations used i n  the analysis .  Gray 
shaded area i s  region of heavy precipi ta t ion.  



CHAPTER I1 

SYNOPTIC DEVELOPMEEJT 

A t  the 500 mb level a t  26/00Z a rapidly nioving short wave crossed 

the Rockies and intensified in the lee of the mountains (refer  to f i g .  2 

for  surface, 850 nib, 500 mb charts) .  During the next 24 hours the 

trough continued to develop so that  by 27/002 i t  had formed a closed low. 

The closed low then slowly moved eastward across the eastern ha1 f of 

the United States. 

A t  the 850 mb level between 26/OUZ and 26/12Z, the combined effect  

of the deepening of the depression over the central United States and 

the bui 1 ding of a ridge over the upper Great Plains are resulted in a 

core of high speed winds north and west of storm center. The low level 

wind maximum attained i t s  greatest  velocity of over 50 knots a t  the 

27/002 observation period. 

On the surface, the positioning of the 500 mb shortwave over the 

low level barocl ini  c zone associated with an already existing cold front 

resulted in an unstable wave fortxing on t h a t  cold front.  The wave 

rapidly developed so that  by 271122 i t  had reached i t s  greatest  intensity.  

By 28/00Z the occlusion process had begun as the storm center moved 

across the Great Lakes into Canada. 

In the early stages of the cyclone development, the main precipi- 

tation area was located north of the warm front ,  extending northeastward 

from the low center in the Oklahoma-Arkansas area. As the cyclone 

matured the main area of precipitation was located to  the north and 

west of the storm center. 











CHAPTER I 1 1  

PRECIPITATIO!I ANALYSIS 

The t o t a l  storni p r e c i p i t a t i o n  from t h i s  storm gene ra l l y  rangea 

from about 112" t o  2 314" f o r  i n d i v i d u a l  s t a t i o n s .  The g rea tes t  amounts 

were recorded i n  the  narrow be1 t running from cen t ra l  M issour i  , across 

lower Lake Michigan and southern i j i ch igan s t a t e .  The t o t a l  snowfal l  

w i t h i n  t h i s  b e l t  ranged from ten  inches t o  24 inches ( f i g u r e  3 ) .  

P l o t s  o f  cumulat ive p r e c i p i t a t i o n  verses t ime have been drawn f o r  

var ious s t a t i o n s  ( f i g .  4 a-b). These char ts  c l e a r l y  show t h a t  t he re  

i s  a  s i m i l a r i t y  i n  the t ime d i s t r i b u t i o n  of p r e c i p i t a t i o n  among s t a t i o n s  

w i t h i n  the  snowbelt, and a  marked d i f f e r e n c e  f rom those ou ts ide  the  

snowbelt. A t  Chicago and F l i n t ,  bo th  i n  t he  snowbelt, t he re  was con- 

t inuous p r e c i p i t a t i o n  f o r  29 hours and 28 hours, r e s p e c t i v e l y .  South 

o f  the  snowbel t - i e .  Dayton and I t id ianapol i s  - i n  s p i t e  o f  be ing c lose r  

t o  the  storm center ,  t o t a l  p r e c i p i t a t i o n  was much l e s s  w i t h  most o f  the  

accumulation a  r e s u l t  o f  p e r i o d i c  heavy showers. These s t a t i o n s  a l so  

show the h i g h l y  va r i ab le  nature o f  t he  pre-warm f r o n t  p r e c i p i t a t i o n .  

The t o t a l  t ime over which the p r e c i p i t a t i o n  was occur ing  a t  Dayton and 

Ind ianapo l is  was about the sane as f o r  s t a t i o n s  w i t h i n  t he  snowbelt. 

The abrupt  decrease i n  p r e c i p i t a t i o n  no r th  o f  t h e  snowbelt i s  shown by 

Rockford, I l l i n o i s ,  and Hougnton Lake, Michigan. A t  a  d is tance o f  l e s s  

than 100 m i l es  from the center  of the snowbelt, accumulations were 

r e l a t i v e l y  i n s i g n i f i c a n t .  

The s p a t i a l  d i s t r i b u t i o n  of p r e c i p i t a t i o n  ahead o f  the  warm f r o n t  

was such t h a t  the  heav ies t  p r e c i p i t a t i o n  occured a t  t he  extreme edge o f  

the  p r e c i p i t a t i n g  area. This  i s  con t ra ry  t o  the  more normal p a t t e r n  

c a l l i n g  f o r  the heav ies t  p r e c i p i t a t i o n  t o  occur nearest  t he  sur face 



. Indianapolis 

Figure  3. Loca t i on  o f  the  heavy snow be1 t. The h o u r l y  r a i n  gauge 
s t a t i o n s  shown are  used f o r  the  comparisons i n  f i g u r e  4. 
U n i t s  a re  i n  inches o f  snowfa l l  . 



Figure 4a.  Plot of cumulative precipitation vs.  duration of 
precipitation. For station locations see figure 3 .  
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front,  with then a general decrease in intensity far ther  ahead. I n  

the absence of any topographical influences , the n~echani sm causing th is  

precipitation anomaly niust be vertical instabil  i  ty .  



CHAPTER IV 

ISENTROPIC ANALYSIS 

I t  i s  often convient t o  represent the motion of the atmosphere on 

substant ia l  surfaces. Such surfaces have a d i s t i n c t  advantage over 

more conventional surfaces, such as isobar ic ,  i n  t h a t  the three-dimen- 

sional flow pattern i s  d i rec t ly  observable. I f  the atmospheric motion 

i s  dry adiabatic,  surfaces of constant potential temperature ( 0 )  are  

considered as a substantial  surfaces,  while i f  condensation-precipi t a t ion  

processes are  occuring, surfaces of constant equivalent potential  temp- 

era ture  ( o r  constant wet-bulb potential temperature (ow) can be used. 

The methods used i n  t h i s  investigation a re  bas ical ly  the same as 

t h a t  employed by Green, Ludham, and !\lcIlveen (1966), who used o-surfaces, 

o r  t ha t  of Harrold and Ni cholls (1968), and Browning and Harrold (1969), 

who used ow-surfaces. 

In t h i s  study, actual winds were plotted on surfaces of constant 

equivalent-potential temperature. oe-surfaces were used because our 

main i n t e r e s t  i s  in the regions of ascending a i r  where condensation and 

precipi ta t ion are  l ike ly  t o  occur and oe i s  more nearly conserved 

during such a process. 

oe analyses were carried out a t  12 hour in te rva l s  between 26/12Z 

and 271122 inclusively,  and a t  5 ' ~  in tervals  between oe = 2 7 5 ' ~  and 

@e = 320 '~.  The oe = 3 2 5 ' ~  surface corresponds closely t o  the tropo- 

pause and no computations were made above t h i s  l eve l .  

Stream1 ine analyses on the oe surfaces,  shown in f igure  5 ,  reveal 

the nature of the instantaneous motions i n  the various sections of the 

storm. The oe = 2 9 0 ' ~  surface fo r  26/12Z i s  representative of motions 

in the cool a i r  mass j u s t  under the advancing warm f ron t .  On t h i s  



Figure 5a.  Pressure contours ( t h i n  l i n e s )  on t h e  o = 2 9 0 ' ~  su r f ace  
f o r  261122. Thick s o l i d  l i n e s  a r e  s t regrnl ines .  



Figure 5b. Same a s  f o r  f i g u r e  5a.  excep t  f o r  oe = 295'~, 271002. 

Figure 5c. Same a s  f o r  f i g u r e  5a. except  f o r  oe = 285'~,  27/12Z. 



surface there i s  general decent a t  a l l  levels up  t o  600 mb. The 

de = 295'~ fo r  271002 i s  typical of the pattern of motions found just  

above the warn front ,  w i t h  widespread ascent to  about 700 mb, and 

descending a i r  above th is  level.  The oe = 285 '~  surface for  271122 i s  

representative of motions in the fresh outbreak of polar a i r  behind 

the cold front.  The motions on th is  surface show descending a i r  a t  a l l  

pressure levels to  above 600 mb, w i t h  marked la te ra l  spreading of the 

streamlines below 800 mb. 7 

These broad scale patterns of motions are consistent with those 

prescribed by the Norwei gi an model , and consi s tan t  w i t h  the resul t s  of 

other investigations (Palm& and Newton, 1951: Reiter, e t  a1 , 1965: 

Harrol d and Ni chol 1 s ,  1968: and Browning and Harrol d ,  1969). 

As can be seen from figure 6 ,  there i s  a close correspondence be- 

tween the regions of ascent and areas of cloudiness . The area of 

cloudiness i s  assumed to be the region where relat ive humidities 

exceed 95%. 



Figure 6. Location of region of broad scale ascent with respect to  
storm center for selected times. Gray shaded area i s  the 
region of cloudiness ( R H  - > 95%). Dashed l ine marks the 
extent of ascendi ng ai  r. 



CHAPTER V 

VERTICAL MOTION 

Since the low level wind maximum has been shown to be re1 ated to 

the region of heavy precipitation, vertical motions were cal cul ated for 

the region surrounding this wind maximum. In these calculations a 

natural coordinate system has been employed as a frame of reference in 

which the s-axis i s  tangent t o  the flow on the isentropic surface, along 

which s increases in the direction of flow, and the n - a ~ i s  i s  perpen- 

dicular to the flow, along which n increases to the l e f t  of the direction 

of flow. Pressure, p ,  i s  taken as the vertical axis, decreasing upwards. 

If p = p(t ,  s ,  oe ) ,  then 

The las t  term in equation [5-11 i s  the diabiatic heating term and 

consists of the radiational cooling of the atmosphere. Since this 

cool ing amounts to less than 3 ' ~  per day the diabatic heating term can 

be considered as negligible. Thus, equation [5-11 can be reduced to 

This equation shows that the vertical motion of an individual 

parcel of a i r  i s  comprised of the local vertical movement of the isen- 

tropic surface, and the vertical component of the quasi -hori zontal wind 

due to the slope of the isentropic surface in the direction of a 

s treaml i ne. 

A time increment of only 3 hours was used in calculating vertical 

motions for two reasons. First ,  for short periods of time streamlines 

can be used instead of trajectories, and second, the errors resulting 

from oe not being totally conserved during a process are small. 



An 8' la t i tude square grid consisting of 15 points was centered on 

the position of the low level wind maximum such that  the center colul~n 

of points was normal to the flow (figure 7 ) .  

For the 261122 time period, (%I 0e was calculated and found to 

contribute insignificantly to the overall pattern of vertical motion, 

and so was neglected i n  computations for  the remaining two time periods. 

The vertical motion was then found by assuming tha t  a parcel of 

a i r  originating a t  each of the grid points with a given speed would be 

moved along a trajectory for  a distance corresponding to  the distance 

traversed in a three hour period a t  that  particular speed. The magni - 
tude of the vertical motion i n  a three hour period was then the differ-  

ence between the final and the in i t i a l  pressure of the trajectory. 

The resul ts  of these calculations are shown in figure 8. Above 

the warm front (oe = 290'~) there was persistant upward motion in the 

l e f t  rear quadrant of the wind maximum. The magnitude of th is  ascent, 

corresponding to the broadscale ascent of warn moist a i r  u p  the warm 

front ,  was around 40mb/3hrs with extreme values exceeding 100mb/3hrs. 

By 27/12Z, the low level wind maximum, and hence the g r i d ,  had lagged 

behind the storm center so that  i t  shows l i t t l e  of the ascending warm 

a i r .  

To the right of the low level wind  maximum and in the cold a i r  

mass, there was decending a i r ,  with a magnitude of about 20mb/3hrs. 

palm& and Newton (1951 ) found simi 1 a r  values (maximum of 125mb/12hrs. ) 

in an outbreak of polar a i r  over the continental United States.  

For the 26/12Z and 27/00Z time periods there i s  a close agreement 

between the region of calculated upward vertical motion and areas where 

precipitation was occurring a t  the ground (figure 8 ) .  There are fringe 



Figure 7 .  Fifteen point grid system used i n  the analysis .  Gray 
shaded area i s  the location of the core o f  maximum wind. 
Downstream direct ion i s  t o  the l e f t .  



Figure 8a. Magnitude of vertical motionoin mb/3hrs. for  each of the 
time periods for  the oe = 280 K surface. The gray shaded 
area i s  the region where precipitation was occurring a t  
that  map time. Thick solid l ine outlines the bel t  of 
heavy snowfall. The t h i n  l ine separates the ascending 
( ~ 0 )  region from the decending (00) region. 



Figure 8b. Same as for figure 8a. except oe = 290'~. 

Figure 8c. Same as for 8a. except oe = 300'~. 



Figure 8d. Same as for figure 8a. except  for oe = 310'~. 

Figure 8e. Same as for figure 8a. except  o, = 320". 



areas of l igh t  precipitation i n  regions where there i s  descent, b u t  

the areas of heaviest precipitation defini te ly occur where there i s  

ascent over a deep layer. 

The discrepancy between the area of precipitation and vertical 

motion can possibly be explained by the occurance of shower ac t iv i ty  in 

an otherwise decending region (Rasmussen, e t .  a1 , 1969). 

The magnitude of error  i n  calculating vertical velocities by the 

above method, as we1 1 as by a1 1 other methods, was estimated to  be + 50% 

(Browning and Harrold, 1969). This e r ror  i s  a resu l t  of the uncertainty 

in the orientation of the oe surfaces caused by inaccuracies in measuring 

relat ive humidities as well as by the existence of the large depths of 

constant oe and the severe folding and distortions of the oe surfaces 

that  are possible. 



CHAPTER VI 

PRODUCTION OF VERTICAL INSTABILITY 

As was pointed out e a r l i e r ,  in the absence of any topographical 

influences, the mesoscale precipitat ion patterns are  a r e su l t  of local - 

ized areas of ver t ica l  instabi  1 i t y .  $uch i s  the case f o r  t h i s  l a t e  

January storm. 

A mechanism whereby the needed ver t ica l  i n s t a b i l i t y  i s  produced 

will now be developed, and then applied d i rec t ly  to  the case under 

investigation.  

.. Potential vor t ic i  ty  i s  a conservative property f o r  an individual 

parcel of a i r  during adiabatic motion, assuming f r i c t i on l e s s  flow and 

no d i f fe ren t ia l  heating (Rei ter ,  1963). The development of the form of 

potenti a1 vorti ci ty used here follows t ha t  of Hal t i n e r  and i~lartin (1957). 

The equations fo r  f r i c t i on l e s s  motion i n  isentropi c coordinates 

(x ,y ,o , t )  are  given by 

Where $ = C T + gz .  
do P Assuming = 0 ,  d i f fe ren t ia t ing  ( l a )  and ( l b )  w i t h  respect  to  y and 

x, respectively,  and subtracting ( l a )  from (1 b )  y ie lds  the isentropic 

vor t ic i  ty  equation. 

where io i s  the absolute vor t i c i ty .  The equation of continuity in 

i sentropi c coordinates i s  given by 



The l a s t  t e rn  on the r i g h t  i s  the diabat ic  heating term and i s  re la t ive ly  

small and can be neglected. Substi tut ing 16-31 in to  [6-21 gives 

In< o - l n ( g }  = constant 
Therefore 

In[< o ( 1  ao = constant 

In order f o r  equation [6-41 t o  be t rue  the quanti ty i n  brackets must be 

constant. Therefore 

Physically, equation [6-51 means whenever the vo r t i c i t y  of a parcel of 

a i r  i s  increasing w i t h  time, there must be a corresponding decrease in 

the lapse r a t e  of e and hence the stabi  1 i t y ,  of t h a t  parcel o f  a i r .  

The conservation of potential vor t ic i  ty  as derived above i s  appl i c -  

able t o  dry adiabat ic  motion. However, the same concepts can be used 

during moist-adi abati c motion. The only difference between the 

e-system (dry) and the ee-system (moist) i s  t h a t  the l a t t e r  incorporates 

the diabat ic  heating due to  the release of l a t e n t  heat in to  the system, 

while the former does not. This s h i f t  t o  the ee coordinates i s  then 

j u s t i f i ab l e  as long as  bouyant ascent does not occur. This r e s t r i c t i on  

i s  necessary because i f  bouyant ascent takes place there would be large 

volumes of atmosphere with constant ee and - would approach zero and 
a P 

equation [6-51 would become meaningless. 

The above concept of conservation of potential  vo r t i c i t y  can now 

be applied t o  t h i s  par t i cu la r  storm w i t h  good r e su l t s .  A region of 



strong positive vort ic i ty  i s  produced by the low level wind maximum 

discussed ear l ie r .  Located a t  about the 350 mb on the warm-front in a 

cycloncially curving flow the l e f t  rear quadrant of the wind maximum i s  

the region of maximum vorti ci ty increase and strong convergence. 

As can be seen from figure 9 a parcel of a i r  originating near the 

surface front  in the warn a i r  i s  l i f t e d  up the warm-front into a region 

of increasing cyclonic vort ic i ty .  As the vortici  ty of the parcel of 

a i r  increases, there must be a corresponding decrease in i t s  s t ab i l i t y .  

Since the s t ab i l i t y  of the parcel i s  i n i t i a l l y  close to  neutral 

(figure l o ) ,  the combined ef fec t  of decreasing stabi 1 i ty  and convergence 

resul ts  in a region of subsynoptic scale ins tab i l i ty  and overturning of 

the a i r  in the l e f t  rear quadrant of the box. 

Unfortunately the niethods used to  calculate vertical  motions are 

capable of showing only the broad scale features of the flow pattern, 

and cannot show the scale of vertical motions generated by the mesoscale 

ins tab i l i ty .  However as a resul t  of th is  ins tab i l i ty ,  there must be 

an is01 ated region of heavier precipitation as measured a t  the ground. 

The density of surface hourly rain gauge data i s  suff ic ient  to a1 low an 

isohyetal analysis on a subsynoptic scale i n  order to  locate th is  

region of suspected ins tab i l i ty .  The results of th is  analysis are 

shown in figure 11. For the 26/12Z time period the region of heaviest 

precipitation is found in the l e f t  f ront  quadrant of the box. Referring 

back to  figure 9 for  261122 i t  can be seen tha t  there i s  strong con- 

vergence associated with the low pressure center si tuated in the right 

f ront  quadrant of the box. The convergence resul ts  in the strong ver t i -  

cal motion near the low center and the heavy precipitation. 



Figure 9 .  Location of the region of increasing cyclonic vor t i c i  t y  along a stream- 
l i n e  (shaded a rea)  f o r  the oe = 305 K surface  f o r  each time period. 



Equivalent Potential Temperature ( O K  ) 

Figure 10. Representative vertical profile of oe for the warm a i r  
sector of the storm. Location of sounding i s  shown by a 
' x '  in figure 9. 



Figure 11. Area averaged precipi ta t ion pat tern  w i t h i n  the 8' l a t i t ude  
box. Units are i nches/3hrs. 



If we neg lec t  t h i s  p a r t i c u l a r  p r e c i p i t a t i o n  maximum as being caused 

by dynamical ly induced convergence and v e r t i c a l  motion, the reg ion  o f  

heav ies t  p r e c i p i t a t i o n  a t  t h i s  t ime pe r i od  and subsequent t ime per iods 

i s  found i n  t he  l e f t  r e a r  quadrant o f  t h e  box. This  i s  e x a c t l y  where 

the  heav ies t  p r e c i p i t a t i o n  is expected t o  be found based on t h e  pro-  

duc t i on  o f  v e r t i c a l  i n s t a b i l  i ty as discussed above. 

The marked decrease i n  the  amount o f  p r e c i p i t a t i o n  occu r r i ng  w i t h -  

i n  the  box between the  l a s t  two t ime per iods i s  caused by the  r e l a t i v e  

movement o f  the  reg ion  of ascending warm mo is t  a i r  away from ' the 1 ow 

1 eve1 wind maximum. 

It can be concl uded t h a t  our  model c a l l  i ng f o r  t he  produc t ion  o f  

i n s t a b i l i t y  and an i s o l a t e d  reg ion  o f  heavier  p r e c i p i t a t i o n  i n  t he  l e f t  

r e a r  quadrant o f  the  low l e v e l  maximum i s  v a l i d  f o r  t h i s  s i n g l e  case. 



CHAPTER V I  I 

CALCULATION OF MOISTURE TRANSPORT 

The mois tu re  t r a n s p o r t  through t h e  box was c a l c u l a t e d  t o  answer 

two quest ions. F i r s t ,  i s  i t  poss ib le  t o  determine t h e  p r e c i p i t a t i o n  over 

t he  box from the  f l u x  o f  water vapor through the  box, and if so, which 

ee l e v e l s  c o n t r i b u t e  t h e  most toward t h e  p r e c i p i t a t i o n ?  

The atmospheric water balance equat ion may be w r i t t e n  as 

Where 

P = p r e c i p i t a t i o n  

E = evaporat ion from t h e  e a r t h ' s  sur face 

q = s p e c i f i c  humid i ty  

P w  
= dens i t y  o f  water 

p o  = pressure a t  t h e  e a r t h ' s  sur face  

p t  = pressure a t  t he  t o p  o f  t h e  atmosphere 

A = area 

'n = component o f  wind normal t o  t he  boundary. 

It i s  assumed t h a t  the  t ime r a t e  o f  change and divergence o f  f l u x  o f  

l i q u i d  water and i c e  through t h e  atmospheric volume i s  n e g l i g i b l e  

compared t o  t he  vapor terms (PalmGn, 1967; Rasmussen, 1968). 

Both terms on the r i g h t  hand s ide  of equat ion 17-11 a r e  e a s i l y  

ca l cu la ted  from ae ro log i ca l  data and t h e i r  r es idua l  i s  t he  q u a n t i t y  P-E. 

I n  t he  f i n a l  ca l cu la t i ons  , the  evapot ransp i ra t ion  from t h e  e a r t h ' s  

sur face dur ing  t h e  w i n t e r  season du r i ng  per iods o f  heavy p r e c i p i t a t i o n  

i s  assumed t o  be very much smal le r  than t h e  p r e c i p i t a t i o n  t h a t  was 
I 

occurr ing,  and so was neglected. 



The resu l t s  of t h i s  calculat ion are  summarized i n  Table 1 . The 

gauge precipitat ion (PG) i s  an area averaged value of the amount of 

precipi ta t ion t h a t  f e l l  during t ha t  three hour period of evenly dis-  

t r ibuted over the e n t i r e  area of the box. For the f i r s t  two time 

periods precipi ta t ion occured i n  about 213 of the t o t a l  area of the 

box, while a t  the l a s t  time period, precipi ta t ion occured over l ess  than 

112 of the t o t a l  area. 

TABLE 1 

Results of Precipitat ion Calculation 
cm/3hrs 

The cal cul ated val ues of precipi ta t ion a re  considered as reasonable 

and w i t h i n  the l imi ts  f o r  t h i s  kind of calculation f o r  two reasons. 

F i r s t ,  the precipitat ion was found as the residual of two la rger  terms, 

and second, i t  was an attempt to  measure a mesoscale phenomenon w i t h  

synoptic scale  data. 

Vertical prof i les  of the divergence of moisture f lux  term f o r  the 

three time periods were drawn (f igure  12) .  For 261122 and 27/00Z, 

almost excl usively the t o t a l  contribution toward precipi ta t ion was from 

the oe = 305'~ 310' and 3 2 0 ' ~  surfaces. These three surfaces are  above 

the warm f ron t  boundary and a i r  t ha t  i s  being brought i n to  the box on 

these surfaces or iginates  i n  the warm sector  of the storm and has a 

h i g h  moisture content. 
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CHAPTER VII I 

CONCLUSION 

The development of th is  particular l a t e  January storm fol lows in 

classical Norwei gi an Cyclone model . Assuming oe conserved there was 

found to  be decending a i r  a t  a1 1 levels i n  the cold a i r  mass and an 

active region of up l i f t  over the warm front.  

Embedded within the precipitation area ahead of the warm-front i s  

a small region of heavier precipitation. The mesoscale preci pi tation 

distribution i s  caused by an is01 ated region of convective i nstabi 1 i ty . 
The ins tab i l i ty  acted to  only increase the intensity of the a1 ready 

occuring precipitation, and not to increase the duration of the 

preci pi tation. 

The mechanism for  generating this  ins tab i l i ty  was found to  be a 

1 ow 1 eve1 wind maxi mum producing a region of maximum vorti ci ty increase 

in the l e f t  rear quadrant of the wind maximum. As the warm, moist a i r  

i s  l i f t e d  u p  the warm-front by the broad scale flow pattern, the absolute 

var t ic i  ty  of a parcel of a i r  i s  increased, resulting in decreased 

stabi 1 i ty.  Further 1 i f t i  ng produces i nstabi 1 i ty and a mesoscal e 

region of heavier precipitation. The necessary condition persis t  for  

more than 24 hours so that  the net resu l t  i s  the long and narrow bel t  

of unprecendented snowfall. By 271122 the storm center has moved away 

from the low level wind maximum so that  i t s  a f fec t  on the ascending 

a i r  i s  small and the heavy precipitation ended. 

The precipitation was calculated as a residual from the atmospheric 

water balance w i t h  good results . The ra t io  of cal cul ated preci pi tation 

to  measured precipitation averaged .74 fo r  the three time periods. 

This leads to  confidence in the analysis of the aerological data, 



which i s  c r i t i ca l  in the methods used for  calculating vertical  

motions . 
In 1 ight of the success with which the concept of conservation 

of potential vort ic i ty  was applied to  a particular storm to determine 

i t s  precipitation pattern, i t  i s  f e l t  that  further studies of additional 

cases of abnormal ly heavy preci pi tation are jus t i  f i  able and necessary. 

Such a study would help to  establish the relat ive importance of such 

a mechanism in the precipitation processes of wintertime midlati tude 

cyclones. 
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