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OBJECTIVE METHODS OF FORECASTING WINTER 
MINIMUM TEMPERATURES AT WASHINGTON D. C. 

QTRODUCT I ON 

The research  described i n  t h i s  r e p o r t  c o n s t i t u t e s  one of s e v e r a l  preliminary 
Pro jec ts  which have been conducted i n  t h e  process of designing systematic 
and object ive methods for s h o r t  range weather forecas t ing .  Developmental 
Work on 24-hour minimum temperature forecas t ing  f o r  Washington w a s  begun i n  
t h e  Weather Bureau by Walter T. Wilson, whose technique required t h e  selec-  
t i o n  each day of an index s t a t i o n  located upwind from Washington a t  a d is -  
tance equivalent t o  24 hours of a i r  flow on t h e  3 - h .  c h a r t .  
temperature a t  t h i s  index s t a t i o n  w a s  then employed i n  a simple l i n e a r  re -  
gress ion  formula t o  obtain t h e  forecasted minimum temperature a t  Washington 
24 hours later. Subsequently, however, Glenn W. B r i e r ,  i n  an unpublished 
Paper, showed t h a t  r e s u l t s  of comparable accuracy could be derived from a 
l e a s t  squares equation r e l a t i n g  t h e  0130 E.S.T. temperature a t  Columbus, Ohio, 
t o  t h e  temperature at Washington 34 hours l a t e r .  

The surface 

I n  order t o  promote t h e  f u r t h e r  development of minimum temperature forecast ing,  
t h e  Weather Bureau sponsored research a t  New York University,  i n  which objec- 
t i v e  methods f o r  forecas t ing  New York Ci ty  minimum temperatures were devised. 
This research  w a s  later supported by t h e  U. S. Army A i r  Forces. In  t h e  follow- 
ing pages, reference w i l l  be made t o  t h e  work done a t  New York University.  

It w a s  t h e  purpose of t h e  Short  Range Forecast  Development Unit t o  apply t h e  
objec t ive  temperatuce forecas t ing  methods developed f o r  New Yorlr t o  FJashing- 
ton, D. C . ,  and t o  conduct a d d i t i o n a l  s t u d i e s  d i rec ted  toward t h e  refinement 
O f  these  methods. In Sect ion I, following, t h e  technique o r i g i n a l l y  developed 
a t  New York University,  known as t h e  t r a j e c t o r y  method, i s  described. Section 
11 t r a c e s  the appl ica t ion  of t h i s  technique t o  Washington. Sections 111-IX 
discuss t h e  e f f o r t s  made t o  improve t h e  accuracy of t h e  f o r e c a s t s  obtained by 
t h e  t r a j e c t o r y  method, including a comparison of t h e  r e s u l t s  obtained with 
f o r e c a s t s  made from observed weather maps, and a t e s t  of t h e  assumptions re- 
garding t h e  c o n t r o l  of air flow near t h e  ground. The f i n a l  s e c t i o n  a m s  up 
the  present s t a t u s  of t h e  work and ind ica tes  f u t u r e  plans.  

This r e p o r t  would be incomplete without an expression of s incere  thanks t o  t h e  
many individuals  whose cooperation and a s s i s t a n c e  were v i t a l  t o  t h e  progress 
of t h e  research. P a r t i c u l a r  thanks a r e  due t o  the  members of t h e  f o r e c a s t  
s t a f f  a t  t h e  Washington National Airport  f o r  t h e i r  wholehearted cooperation 
throughout every phase of the  work. 
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I. THE NEW YORK UNIVERSITY METHOD OF FORECASTING AIR TRAJECTORIES 

The use of ob jec t ive  methods i n  temperature forecas t ing  has f o r  many years at- 
ta ined a high degree of e f f i c i e n c y  i n  t h e  " f r u i t - f r o s t "  protect ion serv ice  i n  
Cal i forn ia  and other S t a t e s .  In  t h i s  type of work, the  bas ic  a c t i v i t y  i s  t h e  
forecas t ing  at n ight  of t h e  temperature expected t h e  next  morning, with most 
a t t e n t i o n  given t o  a considerat ion of t h e  e f f e c t s  of r a d i a t i o n  i n  lowering 
the  c r i t i c a l  f r o s t  l e v e l  during t h e  night .  

The methods of temperature f o r e c a s t i n g  discussed i n  t h i s  r e p o r t  d i f f e r  from 
t h e  f r u i t - f r o s t  work pr imari ly  i n  t h a t  t h e  time lag  involved i s  considerably 
longer, making t h e  e f f e c t  of a i r  movement much more important. Hence, t h e  
f o r e c a s t  Eroblem becomes more near ly  t h a t  of loca t ing  on today ' s  weather map 
t h e  a i r  which is expected over t h e  s t a t i o n  tomorrow, not ing i t s  temperature, 
and est imat ing t h e  modifications l i k e l y  t o  occur during i ts  journey. 

A method of estimating t h e  mean seasonal point  of o r i g i n  of a i r  coming i n t o  
New York C i t y  was out l ined i n  t h e  f i r s t  r e p o r t [ a o n  the subjec t ,  submitted by 
New York Univers i ty . l  For each s e a s m  of t h e  year, a r e l a t i o n s h i p  waa shown 
t o  e x i s t  between t h e  temperature a t  a f i x e d  s t a t i o n  24 hours upstream and t h e  
minimum temperature recorded a t  New York C i t y  t h e  following morning. 
aecond r e p o r t  [2] prepared by t h e  U. S .  Army A i r  Forces Weather S t a t i o n  at t h e  
University,  a method was  out l ined f o r  f o r e c a s t i n g  t h e  d a i l y  24-hour sur face  
air t r a j e c t o r y  i n t o  New York, thus varying t h e  index s t a t i o n  from day t o  day. 

In  a 

As described i n  t h e  second r e p o r t ,  the  f irst  s t e p  i n  t h e  method is  t o  loca te  on 
t h e  0730 E.S.T. weather map t h e  air expected t o  a r r i v e  a t  New York C i t y  24 hours 
later.  
Journey is taken as a l i n e a r  func t ion  of t h r e e  independent var iab les .  These are 
i t s  cur ren t  departure  from normal,2its l a t i t u d e  (represent ing i ts  d is tance  nor th  
or south of New York Ci ty) ,  and t h e  d i f fe rence  between i t s  cur ren t  temperature 
and the  New York C i t y  temperature. 
var iab les  a r e  determined by l e a s t  squares. 
with any extensive over-water h i s tory ,  recourse i s  had t o  simpler empir ical  ex- 
pedients.  

Next, t h e  modification i n  temperature of t h i s  air during an overland 

The constants  f o r  t h e  equation r e l a t i n g  these 
In the  case  of an a i r  t r a j e c t o r y  

See "References" a t  end of paper. 

The present r e p o r t  makes use of t h e  0730 E.S.T. decade normals as o r i g i n a l l y  
2 

prepared by t h e  Weather Bureau f o r  t h e  New York Universi ty  research  program. 
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The essence of t h i s  method is obviously the forecas t ing  of n 24-hour a i r  tra- 
jectory.  This is done by the  following object ive technique: t h e  cur ren t  
Surface weather map is  projected 18 hours ahead i n  6-hourly increments, as- 
suming t h a t  during the  period it w i l l  remain under t h e  c o n t r o l  of the flow 
p a t t e r n  e x i s t i n g  a t  the 3-km. l e v e l  on the  previous Eight, and t h a t  it w i l l  
not undergo change i n  shape, i .e.,  no deepening or  f i l l i n g ;  surface air tra- 
j e c t o r i e s  are then constructed on the  twofold assumption of geostrophic con- 
trol of sur face  winds and a constant  f r i c t i o n  term. 

11. TIIE TRAJECTORY NETHOD AS APPLIED TO WASHINGTON, D. C .  

Severa l  modifications i n  the  New York Universi ty  technique were made pr ior  t o  
i t s  appl ica t ion  t o  Washington, D. C. 
tending t h e  time lag  t o  30 hours, thus making i t ' p o s s i b l e  t o  f o r e c a s t  objec- 
t i v e l y  from t h e  0130 E.S.T. map t h e  temperature f o r  0730 E.S.T., 30 hours 
later. 

They consisted,  f i rs t  of a l l ,  i n  ex- 

Other modifications are described i n  t h e  following paragraphs. 

Assumptions Made i n  Forecasting - A i r  Tra jec tor ies  -- 
I n  an unpublished paper by Tbeiss [33, it is shown t h a t  during the  winter 
months sur face  pressure EyEtemS i n  the  United S t a t e s  tend t o  move i n  tho same 
d i r e c t i o n  as the  air flow a t  t h e  3-hm. l e v e l  and with an average speed which 
is  77 percent of t h e  speed of t h e  air flow at  the  3-km. level .  This r u l e  w a s  
used i n  forecas t ing  t h e  sur face  pressure pat terns .  The r u l e  used here in  a l s o  
states t h a t  during t h e  24-hour period f o r  which the  sur face  pressure pa t te rn  
movement is forecas t ,  t h e  3-km. pressure p a t t e r n  w i l l  i t s e l f  move eastward 
through 4.5 degrees of longitude. 

The sur face  wind during the  first 6 hours of t h e  period i s  assumed t o  be 
under the  c o n t r o l  of t h e  isobars  on t h e  cur ren t  0130 E.S.T. surface map. 
During t h e  second 6 hours it i o  ast3umed t o  be under t h e  c o n t r o l  of t h e  0730 
E.S.T. map, and s o  on. 
angle of 30" acroOR t h e  Isobars toward low pressure and t h a t  i t s  speed is 80 
percent of t h e  geostrophic wind indicated by t h e  sur face  isobars.  Figures 1 
through 5 i l l u s t r a t e  t h e  method of forecas t ing  the  sur face  pressure p a t t e r n  
and show how one of these  forecaot  patterno compared with t h a t  a c t u a l l y  ob- 
served. 
t e r n s  are shown. Detai led ins t ruc t ions  f o r  t h e  construct ion of these  tra- 
j e c t o r i e s  are given i n  Appendix A .  

It is  assumed t h a t  t h e  air flow i s  d i rec ted  a t  an 

Tra jec tor ies  computed from both f o r e c a s t  and observed pressure pat-  
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Development of the  Forecasting Equations -- 
I n  accordance with t h e  assumptions s t a t e d  above, t r a j e c t o r i e s  i n t o  Washington. 
were constructed for each dRy of t h r e e  wintern (1942-43, 1943-44, 1944-45), 
winter being defined as t h e  months of December, January, and February. These , 

w i l l  b e  r e f e r r e d  t o  i n  t h i s  r e p o r t  as "forecast"  t r a j e c t o r i e s .  The index sta- 
t i on  s e l e c t e d  each day was t h e  s t a t i o n  neares t  t o  t h e  o r i g i n  of t h e  t r a j e c t o r y  
f o r  which a 0730 E.S.T. normal temperature was ava i lab le .  A s  i n  t h e  New York 
Universi ty  method, t h e  t r a j e c t o r i e s  were  divided i n t o  two groups, those with 
more than a 6-hour h i s t o r y  over water being known as "water" t r a j e c t o r i e s  and 
s tudied as a separa te  group. 
cording t o  whether t h e  index s t a t i o n  w a s  s i t u a t e d  north or  south of t h e  lat- 
i t u d e  of Washington, D. C. For land t r a j e c t o r i e s  t h e  following equation wps 
used : 

The "land" t r a j e c t o r i e s  were then s t r a t i f i e d  ac- 

where 

Y = observed 0730 E.S.T. temperature at Washington 30 hours hence, 

cur ren t  0130 E. S.T. temperature a t  Wnshington, 

x2= cur ren t  0730 E. S. T. 

x = curren t  0130 E.S.T. temperature a t  index s t a t i o n ,  

1= 
normal a t  Washington, 

3 
curren t  0730 E.S.T. normal a t  index s t a t i o n ,  

x4= 

and a, b, c, d, and e are numerical conatants.  In t h i s  equation, as through- 
out t h e  r e p o r t ,  a l l  temperatures a r e  understood t o  be i n  degrees Fahrenheit. 

This expression is  s l i g h t l y  d i f f e r e n t  from t h a t  described i n  t h e  New York 
University-AAF Weather S t a t i o n  r e p o r t  [Z] , i n  which t h e  f o r e c a s t  equations a r e  
s e t  up t o  es t imate  t h e  quant i ty ,  Y - x which represents  t h e  modification of 3' 
t h e  index temperature. 
s i n g l e  parameter analogous t o  t h e  quant i ty ,  xz - x4, which allows only one r e -  
gress ion  constant  or weight t o  apply t o  t h e  two var iables .  
separat ing t h i s  q u a n t i t y  i n t o  two var iab le8 is not  expressly demonstrated here- 
in,  3 u t  c e r t a i n  inherent advantages may become apparsnt from t h e  discussion in  
Sect ion V I  of t h i s  paper. 

In  addi t ion,  t h e  New York Universi ty  formuJ.as use a 

The advantage of 

See Appendix B f o r  explanation of t h e  reasons why 0730 E.S.T. normal tem- 
pera tures  were used i n  l i e u  of 0130 E.S.T. normal temperatures. 
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F i t t i n g  9 months of record t o  Equation ( I )  gave t h e  constants  shown i n  the  
following formulas : 

For northern land t r a j e c t o r i e s  : 
A Y = . 1 5 ~  +  OX -I- .31x - . 1 3 ~  + 14.9 

1 2 3 4 
For southern land t r a j e c t o r i e s  : 

(111 1 A 
Y = . 1 5 ~  + . 5 1 ~  + . 2 8 ~ ,  + . 1 5 ~  - 1.8 , 1 2 3 4 

A 
Where Y i s  t h e  f o r e c a s t  value of t h e  0730 E.S.T. Washington temperature, t o  be 
dis t inguished from t h e  a c t u a l  value. 
Which were derived only from t h e  land t r a j e c t o r i e s  of t h e  9 winter months 
above mentioned, is  5.1°, with a maximum e r r o r  of 29'. 
c a s t  land t r a j e c t o r i e s  during the  winter 1945-46, the  equations gave an aver- 
age error of 4.0", with an extreme e r r o r  of 13'. In  t h e  case i l l u s t r a t e d  i n  
Figures 1-5, t h e  index s t a t i o n  s e l e c t e d  i n  making the  f o r e c a s t  w a s  hloline, Ill., 
With a temperature of 12' and a normal of 18'. The Washington temperature and 
normal were 43" and 30°, respect ively.  The f o r e c a s t  f o r  Washington,after sub- 
8; t i tut ion i n  Equation (11), w a s  therofore  29". 

The mean r e s i d u a l  from these  equations, 

When t e s t e d  on t h e  fore-  

The temperature observed was 263 

Formulas f o r  forecas t ing  the  temperature when t h e  cont ro ls  i n d i c a t e  a water tra- 
j e c t o r y  w i l l  be  discussed i n  Sect ion V. 

111. TFE P0SSIBL;E USE OF MORE ACCURATE PROGNCSTIC PRESSURE PATTERNS 

After theee r e s u l t s  had been obtained, a t e s t  was made of t h e  performance of 
forecas t ing  equations based on t h e  Resumption of e n t i r e l y  accurate prognostic 
Pressure pat terns .  Actual observed weather maps, drawn at  3-hour intervals ,  
Were used f o r  t h e  purpose. Tra jec tor ies  were constructed from these maps f o r  
the same nine  winter months, and t h e  same assumptions were made regarding f r i c -  
t i o n  a$ i n  the  f o r e c a s t  t r a j e c t o r i e s .  The following equations, t o  b e  known 
henceforth as t h e  "observed map'' formulas, were thus obtained. 

For northern land t r a j e c t o r i e s  : 

(Jw A 
Y = - 2 2 ~  + . 4 6 ~  + .3Rx - .Lex + 4.6 1 2 3 4 

For southern land t r a j e c t o r i e s  : 

The average e r ror  of these  formulas when appl ied t o  t h e  o r i g i n a l  d a t a  ( winters, 
1942-45) was 4.3', wi th  a maximum e r r o r  of 19'. 
46, they gave an average e r r o r  of 4.7', with a m a x i m u m  of 15" 
but  a doubtful  increase i n  t h e  accuracy of "forecasts"  made with t h i s  type of 

Tested on t h e  winter of 1945- 
Since t h e r e  was 
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equation, even when the  pressure pa t te rn8  were known i n  advaqce, f u r t h e r  
s t e p s  were taken t o  compute t r a j e c t o r i e s  by other methods. 

It w i l l  be noted t h a t  t h e  constants  i n  equations (IV) and ( V )  d i f f e r  from 
those i n  (11) and ( 1 1 1 ) .  
var ia t ion ,  including the  f a c t s  t h a t  an "observed map'' t r a j e c t o r y  may s e l e c t  
a d i f f e r e n t  index s t a t i o n  than t h e  "forecast"  t r a j e c t o r y  f o r  a given day, 
and t h a t  some c a s e s e w i l l  be l i s t e d  as land t r a j e c t o r i e s  when computed from 
f o r e c a s t  pressure pa t te rns ,  and as ocean t r a j e c t o r i e s  when computed from 
observed pressure pa t te rns .  

These d i f fe rences  m e  due i n  p a r t  t o  sampling 

IV. TESTS OF ADDITIONAL TRASECTORY COMPUmTIONS 

Formulas Derived Assuming No F r i c t i o n  - 
It i s  questionable whether t h e  sample of air whose temperature is  measured i n  
t h e  morning at Washington has a c t u a l l y  t rave led  near the  ground under t h e  in- 
f luence of f r i c t i o n  or  has t rave led  ins tead  a t  some upper level .  To examine 
t h i s  point,  t r a j e c t o r i e s  were constructed from observed 3-hourly maps f o r  t h e  
same 9 months (winters,  1942-45), assuming f u l l  geostrophic f l c w .  
ing equations were developed. 

The follow- 

For northern land t r a j e c t o r i e s  : 
A 

1 Y = .22x 

For southern t r a j e c t o r i e s :  
A 
Y = .45x 

1 
The average and maximum e r r o r s  

+ . 1 3 ~  + . 3 5 ~  - . O ~ X  + 12.5 
2 3 4 

+ IS OX + . 3 2 ~  - .OZX + 4.8 
2 3 4 

( V I 1  ) 

of f o r e c a s t s  based on t h e  o r i g i n a l  d a t a  were 
4.6' and s Z o ,  reepect ively,  and on the  t e s t  data ,  4.6' and 19'. 
are very s i m i l a r  t o  those obtained by t h e  other methods. 
be noted t h a t  t h e  "index normal" (x4)  term i s  n e g l i g i b l e  i n  both ( V I )  and ( V I I )  
and has a negat ive s i g n  f o r  southern a a  w e l l  as northern t r a j e c t o r i e s .  
c o n f l i c t s  with t h e  r u l e  t h a t  modifications due t o  changes i n  l a t i t u d e  should be 
of opposite sign, depending on whether o r  no t  t h e  a i r  is  moving i n t o  Washington 
from t h e  n o r t h  ( - )  or  from t h e  south (+). 
t o  expect a l i k e  r u l e  t o  hold t r u e  f o r  t h e  modifications due t o  crossing t h e  
isotherms of normal temperatures. Such an e f f e c t  can be noted i n  equations 
(11), (111), (IV), and ( V ) ,  which were der ived from t r a j e c t o r i e s  i n  which a 
f r i c t i o n  term w a s  included. 

These r e s u l t s  
I n  addi t ion,  it w i l l  

This 

It would appear reasonable 
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Use of Upper Winds i n  Tracing; A i r  - Trajec tor ies  -- -- 
An a d d i t i o n a l  s tudy w a s  made t o  discover whether a set of t r a j e c t o r i e s  compu- 
t e d  by another method would load t o  b e t t e r  temperature forecas ts ,  using the  
Same g e n e r a l  type of forecas t ing  equation. To repeat ,  the  method here devel- 
Oped states t h a t  the first s t e p  in  forecas t ing  the temperature a t  Washington 
is an attempt t o  l o c a t e  on t h e  cur ren t  map the air which is expected i n  Wash- 
ington a t  t h e  t i m e  f o r  which t h e  f o r e c a s t  is made. The modification of t h i s  
a i r  over t h e  t raJec tory  is then  s a i d  t o  be a funct ion of i t s  current  a c t u a l  
temperature and cur ren t  normal temperature and, i n  addition, a funct ion of 
t h e  cur ren t  temperature and cur ren t  normal temperature a t  Washington, 

In t h i s  a d d i t i o n a l  invest igat ion,  t h e  air w a s  t raced  30 hours upwind from 
Washington by following the  observed p i l o t  balloon d a t a  a t  the  f i r s t  "stand- 
ard" level ,  Qr at t h e  f i r s t  l e v e l  above t$e ground f o r  which upper a i r  wind 
observations are t ransmit ted by te le type  . Index s t a t i o n s  were se lec ted  
from t h e  same t h r e e  winters  of o r i g i n a l  da ta  and t h e  following equations 
were derived : U 

For northern land t r a j e c t o r i e s  : 
h 

Y = .lox1 + .3Ox2 -t .53x3 - . l l x 4  + 7.3 (VI11 ) 

For southern land t r a j e c t o r i e s  : 
h 
Y = -.07X1 + . 7 6 ~ 2  + .48x3 + .20x4 - 10.3 

Th6 mean and m a x i m u m  r e s i d u a l s  of f o r e c a s t s  based on t h e  o r i g i n a l  data were 
4.5" and 17", while t e a t  d a t a  taken from t h e  winter of 1945-46 gave an average 
error of 4.3" and a maximum of 18'. 
it had been hoped t o  obtain a s i g n i f i c a n t  reduct ion i n  t h e  r e s i d u a l s ,  
increased weight placed i n  these Formulas on x3, t h e  term denoting the  tempera- 
tu re  a t  t h e  index s t a t i o n ,  may indica te  that t h i s  method is coming c lose  t o  de- 
f i n i n g  t h e  source of t h e  air. 
aeelgnable t o  randam sampling, e tc . ,  as mentioned earlier. 

These results were disappointing because 
The 

Here again, however, aome of the differences arei  

* 

For an exact definit,lon, see U. S. Weather Bureau Circular N, Instruct ions - for Airway Meteorological Service, Appendix IX, "Code Used i n  Reporting P i l o t  
Balloon Observations. 'I 
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v. PARAFBTERS TO BE USED FJHEN TEE FORECAST TRAJECTORY IS OYKR WATER 

The Water Trajectory Equation 

When.the t r a j e c t o r y  is f o r e c a s t  t o  o r i g i n a t e  over t h e  ocean, t h e  lack  of an 
index s t a t i o n  immediately requi res  t h a t  a separa te  s e t  of parameters ;be de- 
vised for  use i n  sucH instances.  In  addi t ion,  t h e  modifying influences a E E 0 -  
c i a t e d  with an over-water h i s t o r y  a r e  d i f f e r e n t  than those f o r  a land t r a j e c -  
tory.  

I n  the  New York Universi ty  technique, water t r a j e c t o r i e s  were t r e a t e d  3epa- 
r a t e l y .  S a t i s f a c t o r y  r e s u l t s  were obtained from a simple empir ical  r u l e ,  
which cons is ted  i n  tak ing  as t h e  f o r e c a s t  minimum temperature t h e  average of 
the  mean s e a  sur face  temperature of the  t r a j e c t o r y  and the  tempera,ture a t  
New York a t  f o r e c a s t  time. 
r e s u l t s  which were not  s a t i s f a c t o r y .  

A similar r u l e ,  when appl ied t o  Washington,gave 

The following formula was f i n a l l y  developed from 46 cases where t h e  t r a j e c t o -  
r y  wa5 f o r e c a s t  t o  o r i g i n a t e  over t h e  adjacent ocean and t o  have a t  least 
13 hours of i t s  30-hour h i s t o r y  over water:  

A 

Y = . 4 6 ~ 1  + .18~ + .12xt + . 2 3 ~  + 1.3 (x 1 
V r 

where 
x1 = Washington temperature a t  0130 E.S.T., 
xv = temperature at  0130 E.S.T. a t  t h e  point  where t h e  t r a j e c t o r y  

crossed t h e  coas t  l ine  from water t o  land, 

x = mean s e a  temperature over t h e  t r a j e c t o r y ,  

xt = departure  of t h e  Washington 0130 E.S.T. temperature from t h e  
U r 

tlashington 0730 E.S.T. normal tamperature. 

The mean e r r o r  of t h e  forecas ts ,  based on t h e  9 months of o r i g i n a l  data,  was  
%@,with a maximum of 15", and on the  1945-46 tes t  data ,  5 .2"  and 20°, respec- 
t i v e l y .  

Actual  - vs. Forscast  T r e c t o r i e o  

An ana lys is  of t h e  t r a j e c t o r i e s  computed by t h e  "observed-map" method described 
In Sect ion I11 showed t h a t  27 of t h e  46 f o r e c a s t  water t r a J e c t o r i e s  were not  
water t r a j e c t o r i e s  at a l l  if the  t r a j e c t o r i e s  computed from observed 3-hourly 
m p S  were accepted a3 cor rec t .  An attempt w a s  t h e r e f o r e  made t o  determine 
whether such erroneous t r a j e c t o r y  f o r e c a s t s  could be detected i n  advance. 
Examination of t h e  maps i n  quest ion showed t h a t  t h e  presence along the  E a s t  
Coast of a f la t  high pressure system with i t s  major axis s l i g h t l y  e a s t  of Wash- 
ington, and with no indicat ion of a Recondm-y E a s t  Coast storm, would general-  
l y  r e s u l t  i n  the non-occurrence of t h e  f o r e c a s t  water t r a j e c t o r y .  Figure 6 
i l l u s t r a t e s  t h i s  type of s i t u a t i o n .  
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When t h e  "forecast  t r a j e c t o r y "  formula was applied t o  these 27 c ~ t s e 3  on t h e  
assumption t h a t  they were land t r a j e c t o r i e s ,  t h e  average error vas found t o  
be 5.7'. 
B m a l l e r  error of t h e  lat ter is a t t r i b u t a b l e  i n  p a r t  t o  the  f a c t  t h a t  these  
27 cases c o n s t i t u t e  a g r e a t e r  proportion of t h e  t o t a l  number of cases used 
in  developing t h e  over-water formula than in  der iving the  land equations. 

The water t r a j e c t o r y  formula yielded an average error of 4.3'. The 

An a d d i t i o n a l  example of an erroneous over-water t r a j e c t o r y  forecas t  i a  
shown i n  Figure 7. The data. f o r  s u b s t i t u t i o n  i n  formula (1) a r e :  

x = 27; x2 = 30; x3 = 22; x 1 4 
= 25. 

The r e s u l t i n g  forecas t  temperature is 28.2'. 
assumed c o r r e c t  and t h e  corresponding formula ( X )  employed, the  following 
values a r e  s u b s t i t u t e d  : 

If t h e  water t r a j e c t o r y  be 

This s u b s t i t u t i o n  yields  a f o r e c a s t  of 30.4.'. 
hours later a t  0730 E.S.T., February 15, 1944, was  36' .  

The temperature observed 30 

This apparent inconsistency, wherein f a i r l y  good r e s u l t s  Fire obtained by t h e  
use of var iab les  which a r e  i n  some instances unrelated t o  what a c t u a l l y  occur- 
red,  may b e  p a r t l y  accounted f o r  by noting t h a t  the  s t r a i g h t  pers is tence cor- 
r e l a t i o n  of t h e  0130 E.S.T. temperature at  Washington with t h a t  observed 30 
hours l a t e r  is higher (r = 0.61) i n  t h e  f o r e c a s t  water trajectox-ies than i n  
t h e  f o r e c a s t  land t r a j e c t o r i e s  (r = 0.40). These cor re la t fon  c o e f f i c i e n t s ,  
however, do not  show a s i g n i f i c a n t  d i f fe rence  when ordinary t e s t s  a r e  applied. 

Tra jec tor ies  Originating Over Land wi th  a Subsequent - History -- over Water - ----- 
A s tudy of 31 f o r e c a s t  t r a j e c t o r i e s  which or iginated over land but  t rave led  
6 hours cr more over water i s  of i n t e r e s t .  
gave t h e  following r e s u l t s  : 

The' torecast  t r a j e c t o r y "  equation 

1. For t h e  23 cases where the northern l m d  formula w a s  applied,  
t h e  average e r r o r  was 5.9 ' ,  with  a b i a s  of -0 .6 ' ,  and a m a x i -  
mum e r r o r  of -11.8'. 

2. For t h e  8 cases where t h e  southern land formula w a s  applied,  
t h e  average e r r o r  w a s  3.8", with a b i a s  of -2.9', and a m a x i m u m  
e r r o r  of -8.1'. 

Tra jec tor ies  determined from observed 3-hour l y  maps showed 25  such land-water 
cases,  with r e s u l t s  as follows : 

1. I n  t h e  23 cases where t h e  "observed mnp" formuln w a s  usod, t h e  aver- 
age e r r o r  was 4.6', with a b i a s  of -3.R' ,  and n. mRximum e r r o r  of 
-17.6". 

2. I n  t h e  two remaining instances vhere t h e  oouthern land formula wne 
used, t h e  average e r r o r  w a s  4.7', with a bine of t 4 . 3 " ,  and R mnxi- 
mum e r r o r  of +9.0'. 
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The s ign  of t h e  b i a s  should be noted, s ince  it suggests t h a t  ignoring the  
water port ion of t h e  t r a j e c t o r y  r e s u l t s  i n  fo recas t  temperatures t h a t  a re  
too low when t h e  t r a j e c t o r i e s  a r e  from t h e  nor th  and too  high when they are 
from the south. 

V I .  GEOGRAPHICAL STUDY OF THE TF;Ri$E I N  THE LAND FORECAST EQUATIONS 

The "f orecas t  t ra jec tory ' '  equations previously developed from land t r a j e c t o r y  
cases separate  t h e  t r a j e c t o r i e s  i n t o  two groups, (a )  those with the  index,  
s t a t i o n  nor th  of, and (b )  those with t h e  index s t a t i o n  aouth of t he  l a t i t u d e  
of Washington, D. C. These have been r e f e r r e d  t o  a8 northern and southern 
land t r a j e c t o r i e s ,  respect ively.  It was noted i n  Section V t h a t  a s ign i f i can t  
f a c t  concerning t h e  regression equations developed f o r  them w a s  a difference 
i n  s ign  of t he  "index normal" (x4) term between t h e  northern and southern 
groups. It w a s  accordingly decided t o  s t r a t i f y  t h e  cases f u r t h e r  by not ing 
the  a rea  i n  which each of t h e  "observed map" t r a j e c t o r i e s  originated.  
areas or sec to r s  which were se lec ted  a r b i t r a r i l y  f o r  t h i s  purpose a r e  ehown 
i n  Figure 8(a) .  
o r ig in  of t h e  t r a j ec to ry ,  were then s tudied separately.  
0730 E.S.T. temperatures r e s u l t i n g  from air t r f i jec tor ies  or ig ina t ing  wi th in  
each a rea  a r e  shown p lo t t ed  geographically i n  Figure 8 ( b ) ,  w i t h  t he  lowest 
such temperatures shown in  Figure 8 (c ) .  
t h e  th ree  winters  of 1942-43, 1943-44, and 1944-45. 

The 

The data,  grouped i n t o  c l a s ses  according t o  the  sec to r  of 
The mean Washington 

These f igu res  are based on d a t a  fo r  

ax1 + bx + dx + e )  were For each area, regress ion  equations of t h e  type ( Y  = 
computed, t h e  "Washington normal" (xz)  term being omi t ted  s ince  it showed l i t t l e  
va r i a t ion  within each c lass .  S t i l l  included, however, were t h e  cur ren t  Wash- 
ington temperature: (xl), the  cur ren t  index s t a t i o n  temperature (x3), and t h e  
index s t a t i o n  normal temperature (x4 ). 

The regression equations derived from t h i s  "area method'' are l i s t e d  i n  Table 
1, together  w f t h  the  mean and maximum er rore  on t h e  r e s idua l s  of fo recas t s  
based on both  o r i g i n a l  and t e s t  data.  
r e s u l t s  obtained within each area by using t h e  more general  northern and 
southern "observed map" equations is a l s o  shown. It w i l l  be noted t h a t  the  
more genera l  equations give s l i g h t l y  b e t t e r  r e su l t s  i n  the  t e s t  data. This 
f a c t  may ind ica t e  t h a t  the  more de t a i l ed  break-down i n t o  geographical areas 
places too  much emphasis on t h e  fo recas t  of t h e  t ra jec tory ,  which, i f  incorrect ,  
causes not  only %he wrong index data t o  be used but  a l s o  the  wrong forecas t ing  
equation, 

3 4 

' 

A comparison of these r e s u l t s  wi th  the 
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Nevertheless, these  equations a r e  i n t e r e s t i n g  insofar  as they show how much 
weight should be placed on t h e  various elements i n  t h e  forecas t ,  depending 
on t h e  o r i g i n  of t h e  air. Figure 9 shows t h e  way i n  which t h e  regress ion  
constants  vary from sec tor  t o  sec tor .  Note, f o r  example, i n  9 ( a ) ,  the  em- 
phasis placed on pers i s tence  when t h e  or ig in  i s  c lose  t o  Washington, as com- 
Pared with t h e  n e g l i g i b l e  weight given t o  the  cur ren t  Washington temperature 
when t h e  air  is  moving i n  from t h e  v i c i n i t y  of Chicago. 

VII. CONTROL FOF33CASTS 

For a check on the  q u a l i t y  of f o r e c a s t s  made by t h e  methods out l ined i n  t h i s  
r e p o r t ,  two types of comparieons were made: 
temperature made by conventional methods ( t h i s  comparison i s  described In 
the  following s e c t i o n  of t h i s  paper) ;  and ( 2 )  with extremely s i m p l e  methods 
Of f o r e c a s t i n g  described below. 

(1) with f o r e c a s t s  of minimum 

- The "Normal Pers is tence" Equation 

One of t h e  most s impl i f ied  methods t h a t  can be used is based on t h e  assump- 
t i o n  t h a t  t h e  departure  from normal temperature at 0730 E.S.T. tomorrow is  a 
funct ion of today's departure from normal temperature a t  0130 E.S.T. Figure 
10 gives a regress ion  l i n e  of t h i s  type, computed from the  three  winters  of 
o r i g i n a l  data,  and shows t h e  d i s t r i b u t i o n  of f o r e c a s t s  made during the  t es t  
Winter 1945-46 wi th  t h e  use of t h i s  regression l ine .  

U s e  of Columbus, Ohio, as a Fixed Index S t a t i o n  -- - ---I__- 

Figure 11 shows a, similar s impl i f ied  method i n  which t h e  0130 E.S.T. temper- 
ature a t  Columbus, Ohio, i s  used as t h e  independent v m i a b l e .  Obvioualy t h i s  
gives b e t t e r  f orecasts  than the  "Normal Persistence" equation above. As w i l l  
be shown later, however, it does not  g ive  r e s u l t s  comparable wi th  e i t h e r  t h e  
conventional f o r e c a s t s  o r  f o r e c a s t s  made by t h e  t r a j e c t o r y  method. 

V I I I .  TEST FORECASTS YADE DURING THE WINTEZ MONTHS OF 1945-46 

Table 2 gives  a comparison of f o r e c a s t s  made during t h e  1945-46 winter season 
by both t h e  "forecast  t r a j e c t o r y "  technique and conventional methods. 
should b e  remembered t h a t  t h e  t r a j e c t o r y  technique f o r e c a s t s  t h e  temperature 
for  0730 E.S.T., while t h e  conventional f o r e c a s t s  a r e  made f o r  t h e  minimum 
temperature expected f o r  t h e  12-hour period ending a t  0730 E.S.T. The summary 
at t h e  end of t h e  t a b l e  shows t h a t  t h e  average e r r o r  f o r  the  t r a j e c t o r y  method 
W a s  4.2', while t h a t  f o r  the  conventional minimum t empsrature f o r e c a s t s  was 
3.9'. 
r e l a t i v e  a b i l i t y  t o  f o r e c a s t  24-hour temperature changes. 

It 

Tables 3 and 4 give  a summary of both methods with respec t  t o  t h e i r  
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A comparison of t h e  e r r o r s  made by both methods i n  those cases when t h e  
30-hour change i n  temperature (from 0130 E.S.T. "today1' t o  0730 E.S.T. 
"tomorrow") equall6d or exceeded 10 degrees i a  shown i n  Figure 12.  
comparison although not favorable  t o  t h e  t r a j e c t o r y  technique may he lp  i n  
answering t h e  questions of those who doubt t h e  a b i l i t y  of such forecas t ing  
schemes t o  f o r e c a s t  any la rge  changes. 

This 

(See Table 5 . )  

A s tudy  made t o  determine whether or  not  t h e  conventional f o r e c a s t s  could 
be improved by incorporating t h e  t r a j e c t o r y  method showed t h a t  i f  t h e  con- 
vent iona l  f o r e c a s t  had been rev ised  by 3" i n  t h e  d i r e c t i o n  of t h e  objec t ive  
f o r e c a s t ,  i n  those  cases  where t h e  two d i f f e r e d  by more than 5 O ,  t h e  average 
error of all conventional f o r e c a s t s  would have been reduced from 3.9" t o  3.6". 
I n  t h e  29 instances where such a d i f fe rence  occurred, t h e  conventional fore-  
c a s t  r e s u l t e d  i n  an average e r r o r  of 4.9". This reduces t o  3.8" when t h e  
above procedure is  applied.  Figure 13 shows t h e  frequency of e r r o r s  made using 
each method, as w e l l  as t h e  frequency of e r r o r s  f o r  t h e  rev ised  conventional 
fo r  ec as t 8 .  

Figure 14 shows t h e  d i s t r i b u t i o n  of e r r o r s  from a comparison of t h r e e  increas- 
i n g l y  complex objec t ive  temperature f o r e c a s t i n g  systems and the  conventional 
methods, when t h e  four  were appl ied t o  t h e  t es t  winter of 1945-46. A s  men- 
t ioned previously, t h e  "Normal Pers is tence" and "Columbus" formulas were de- 
veloped as c o n t r o l  f o r e c a s t s .  This comparison is, therefore ,  an ind ica t ion  
of t h e  increased accuracy obtained b y  t h e  ' ' t ra jec tory"  method over t h a t  ob- 
ta ined  by much simpler schemea. 

IX. ATTEMPTS TO INCORPORATE ADDITIONAL FACTORS 

The meteorologist  who reads t h i s  r e p o r t  w i l l  immediately wish t o  point  out 
a d d i t i o n a l  f a c t o r s  which have n o t  been considered i n  t h e  development of t h e  
forecas t ing  equations.  
r e s i d u a l s  from t h e  " forecas t  t r a j e c t o r y "  equations with other  var iables ,  bu t  
thus far with  l i t t l e  success.  The v a r i a b l e s  included t h e  observed wind speed 
and cloudiness a t  0130 E.S.T. on t h e  n i g h t  f o r  which t h e  f o r e c a s t  w a s  made and 
the number of hours t h a t  a given t r a j e c t a r y  pasoed over enow cover. These 
var iab les  have not been c o r r e l a t e d  with other  s e t s  of res idua ls ,  however, nor 
have t h e  other methods of incorporat ing t h e s e  da ta  been t r i e d .  

Severa l  preliminary attempta have been made t o  c o r r e l a t e  

X. CONCLUSIONS AND FCiTURE PUNS 

Although it i 8  apparent t h a t  the p o s s i b i l i t i e s  of t h i s  l i n e  of a t t a c k  me f a r  
from exhausted, t h e r e  are ind ica t ions  i n  t h i s  s tudy  of t h e  need f o r  f u r t h e r  
b a s i c  research  i n t o  t h e  t r a c i n g  of air cur ren ts .  The conception of a unique 
t r a j e c t o r y  f o r  the a i r  whose temperature i s  measured i n  the  mornlng a t  Wash- 
ington o r  New York may b e  misleading. Processes of v e r t i c a l  and l a t e r a l  mixing 
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m y  br ing  i n t o  t h e  thermometer s h e l t e r  a t  the  f o r e c a s t  s t a t i o n  air  molecules 
Which have or ig ina ted  30 hours previously a t  widely separated points .  
a l ready a t ta ined ,  however, i n d i c a t e  t h e  effect iveness  of a s i n g l e  index s t a t i o n  
in providing a reasonable sample of t h e  temperature of t h e  air whose h i s t o r y  
if3 t o  be traced. 

Hesults 

With regard t o  measurements of t h e  accuracy of computed and f o r e c a s t  t r a j e c -  
t o r i e s ,  t h e  genera l  northern and southern land equations themselves o f f e r  
l i t t l e  guidance. 
In which the  t r a j e c t o r i e s  were computed o r  forecas t .  
has yielded a mean r e s i d u a l  low enough f o r  t h a t  method t o  be regarded as sig- 
n i f i c a n t l y  superior  t o  t h e  other methods used i n  making t r a j e c t o r y  computa- 
t ions. 

Their mean r e s i d u a l s  a r e  much a l i k e  r e g m d l e s s  of t h e  manner 
No method thus f a r  t r i e d  

Geographical s t u d i e s  of t h e  f o r e c a s t  parameters provide an o u t l i n e  f o r  the  
design of an experiment which may r e v e a l  how much of t A e  e r r o r  i s  due t o  in- 
c o r r e c t  t r a j e c t o r y  f o r e c a s t s .  I n  addi t ion,  it should be possible  t o  es t imate  
what port ion of t h e  e r r o r  is due t o  l o c a l  temperature var ia t ions  and thus ob- 
t a i n  an estimate of t h e  f o r e c a s t i n g  accuracy which can reasonably be expected 
i n  t h e  event t h a t  these  l o c a l  sources of v a r i a t i o n  a r e  not  explained. 

Future work should be done on a l imi t ed  number of detailed C&Ee s t u d i e s  i n  an 
attempt t o  evaluate  f u r t h e r  t h e  e f f e c t s  of r a d i a t i o n ,  cloudiness,  wind, and 
Enow i n  individual  C a 8 8 8 .  

In  addition, t h e  maps should b e  i n i t i a l l y  s t r a t i f i e d  on t h e  b a s i s  of whether 
the  e a r l y  morning temperatures are expected t o  b e  determined pr imari ly  by ra- 
d i a t i o n  and other  l o c a l  e f f e c t s  r a t h e r  than  by t h e  e f f e c t  of large-scale  ad- 
vection or  movement of air. Whenever it is indicated t h a t  local r a d i a t i o n  
W i l l  be rredominant, a f o r e c a s t  could be made of the  weather elements a t  1930 
E.s.T., from which a set  of graphs or  formulas might be used t o  f o r e c a s t  t h e  
temperatures f o r  t h e  following morning. 

It is a l s o  planned t o  read from t h e  0130 E.S.T. weather maps the  zonal ami 
meridional indices  by means of which c e r t a i n  e r r o r s  which have been not iced 
may be avoided. Considerable e r r o r  has been found t o  occur i n  cases when 
both computed and f o r b c a s t  t r a j e c t o r i e s  are from t h e  south or west; but  t h e  
predicted w a r m e r  temperatures do not  materialize because t h e  i n i t i a l l y  s t rong  
nor ther ly  flow p e r s i s t s .  
cording t o  such cases,  poss ib ly  on t h e  b a s i s  of se lec ted  zonal and meridional 
indices,  and thus t o  determine t h e  value of using separa te  equations f o r  varioue 
degrees of i n i t i a l  zonal and meridional flow. 

An attempt should be made t o  s t r a t i f y  the maps ac- 
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The ul t imate  usefulness  of t h e  t r a j e c t o r y  method of temperature forecas t ing  de- 
pends on i t s  e f fec t iveness  i n  a s s i s t i n g  t h e  forecas te r  t o  do a p a r t i c u l a r  fore-  
c a s t  job quickly and accura te ly  with a minimum amount of a t t e n t i o n .  
ness i n  a c e n t r a l  or d i s t r i c t  f o r e c a s t  o f f i c e  would therefore  increase i f  it 
could be used in  providing f o r e c a s t s  no t  only f o r  one c i t y  but  f o r  s e v e r a l  
throughout t h e  d i s t r i c t .  This aspec t  of the  problem, which might involve the  
forecas t ing  of s e v e r a l  t r a j e c t o r i e s  i n  a s i n g l e  operation, is therefore  being 
c on8 ider  ed. 

Its useful- 



15 

REFZRENCES 

1. 

2. 

3. 

Miller,  J.E., and Burgtorf, A.E., "Objective Methods of Forecasting the 
Daily Minimum Temperature a t  New York City," New York University, 
1945. 

Mantis, Capt. H.T., and Dickey, Lt .  W.W., "ObJective Methods of Forecast- 
ing the Daily Minimum and Maximum Temperature. '' Report No. 4 of 
t h e  AAF Weather S ta t ion  at New York University, 1945. 

Weiss, L.L., "Velocity of Surface Systems i n  Terms of the  3-xjn. Flow," 
(manuscript) U.S. Weather Bureau, Washington, D. C., 1945. 



16 

Table 1. --Tempcrature forecas t ing  equat ions  grouped according t o  area of o r i g i n  
of a i r  t r a j e c t o r i e s ,  with comparison of e r r o r a  made using "observed 
map" method and area method.. 

le;E;3e 

AREA - 
A... 

Be.. 

c.. 
D.. . 
E.. . 
F.. . 
G.. . 
H.. . 
I.. . 
J.. . 
K. 

L.. . - 

na 

N* - 
35 

14 

19 

:3 

43 

17 

15 

17 

I1 
- 

REGRESSION EQUATIONS 
USED I N  AREA TiliETHOD 

:=.61x1+. 14X3+,oh4+5. 74 

1 J 4 $=.47x +.39X7-.39X +15.4! 

f z . 1 3 ~  + . 3 9 ~  - . 2 6 ~  +%0.7( 
1 3 4 

$ = . 3 2 ~  + . 2 3 ~  + . 3 3 ~  +5.70 
1 3 4 

$=. 0 7 ~  +. 6 0 ~  - . 28x4+22. 1: 1 3 

$=.09x + . 4 7 ~  .22x +26.8; 

$=. 3 5 ~  

1 3- 4 

1- 3 
. 5 9 ~  +l. 05x4+. 47 

A 

y=. 6 6 ~ ~ -  09x3+1. 27x4-25,dl 

y=. 4 5 ~  +. 14x3+. 4 9 ~ ~ -  1.32 
A 

1 

ORIGINAL 
Area 

lean max 
!rr or err 0: -- 
3.0 -9.2 

3.8 -8.4 

3.3 -9.5 

4.2 13.6 

4.5 -11.7 

3.4 -8.4. 

4.6 10.4 

4 .1  -8.0 

1.7 3.7 

ASIC) DATA] 
Obsvd. map 
mean max. 
error error  

3.5 - l l . f  

4.3 -11.: 

-_cI 

4.3 ll.E 

4.2 17.E 

4.6 -15.2 

4.1. - l l . C  

5.5 19.1 

4.4 -12.9 

1.3 5.5 

E: 
Area 

nean max 
e r r  or err 01 - -- 
6.7 

4.8 

4.0 

5.1 

- 10. I 

13 . I  

8.: 

8.  

*N = number of caaes used i n  d e r i v i n g  r e g r e s a i o n  equations. 

Data from win te r  months, 1942-1945. 

Data from w i n t e r  monthe, 1945-1946. 

r DATA? 
obsvd. rn?T 
mean max. 
e r r o r  error  -- _I_ 

7.3 -12 .4  

4 . 1  11.4 

3.9 8.0 

5.1  -11.6 
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DATX 

CONVENTIONAL FORECASTS TRAJECTORY FORECASTS OF 

Fore- Obser- Fore- Obser- 
c a s t  ved c a s t  ved 

OF MINIMUM TBVPERATURE 0730 ii . s . rr . TEIWJBATURE 

Err or Error  
~- 

1945 
_I 

Decembcr 1 ............ 
2 ............ 
3 ............ 
4 ............ 
ti ............ 
6 ............ 
7 ............ 
8 ............ 
9 ............ 
10 ............ 
ii ............ 
12 ............ 
13 ............ 
14 ............ 
15 ............ 
16 ............ 
17 ............ 
18 ............ 
19 ............ 
20 ............ 
21 ............ 
22 ............ 
23 ............ 
24 ............ 
25 ............ 
ZG ............ 
27 ............ 
28 ............ 
29 ............ 
30 ............ 
31 ............ 

.F . 
0 
-6 
1 
0 
-9 
-7 
2 
1 
-4 
-2 
-3 
-2 
2 
-2 
2 

. 11 
- 2  

0 
0 
-4 
-4 

3 
2 

-5 
-1 
-5 
- 2  
-1 

5 
- t i  
-2 

- O F  . 
30 30 
3 2  3 8 
43 42 
3 1  3 1  
24 33 
33 40 
4 0  3H 
3G 35 
38 4 2  
25 27 
i t 3  21 
20 L L  

26 24 
28 30 
25 23 
5 16 
15 17 
25 25 
22 22 
15 19 
15 19 
20 17  
16 14 
23 20 
34 35 
30 35 
29 31 
33 34 
35 30 
35 40 
31 33 

- O F  . - 

c ) r  

O F  . 
3 2  30 
33 ;5 9 
40 43 
38 31 
31 37 
32 4 0 
39 38 
30 37 
39 45 
33 27 
22 22 
26 25 
31 29 
30 3 1 . 
23 f 1.3 
21 1 G  
17 17 
27 25 
24 22 
2 '7 23 

24 I, 4 
17 

23 16 
2.11 29 
39  . J 3 

38 36 
31 .) L 

39 37 
4 0 36 
3 1  42 
34  33 

- O F  . - 

f> " 

0 

'1 r L3 

7 r  

7 > 

OF . - 
c) L. 

-6 
-3 

7 
-3 
-8 
1 
1 

-6 
6 
0 
1 

-I 
0 
5 
0 
2 
2 
4 
0 
8 
7 
-5 
4 
2 
-1 
2 
4 

.11 
1 

CI c 
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CONVENTIONAL FORECASTS 
OF MINIPmL TEMPERATURE 
Fore- Obser- 
cas t  ved Error 

DATE 

TRAJECTORY FORECASTS OF 
073 0 E . S . T . TEMPERAmE 
Fore- Obser- 

E r r  or  c a s t  ved 

- 

1946 . 
January 1 ............ 

2 ............. 
3 ............. 
4 ............. 
5 ............. 
6 ............. 
7 ............. 
8 ............. 
9 ............. 
10 ............. 
11 ............. 
12 ............. 
i3 ............. 
14 ............. 
15 ............. 
16 ............. 
17 ............. 
18 ............. 
19 ............. 
20 ............. 
21 ............. 
22 ............. 
23 ............. 
24 ............. 
25 ............. 
26 ............. 
27 ............. 
28 ............. 
29 ............. 
30 ............. 
31 ............. 

21 
34 
35 
45 
55 
58 
46 
43 
40 
39 
37 
25 
32 
25 
18 
22 
32 
17 
26 
25 
20 
27 
33 
25 
17 
15 
24 
30 
42 
28 

O F  I 

22 
24 
30 
38 
53 
57 
53 
42 
46 
36 
37 
34 
26 
30 
19 
23 
31 
36 
20 
19 
31 
14 
18 
27 
37 
23 
12 
34 
37 
42 
30 

. OF . 
3 

-3 
4 
-3 
-8 
-2 
5 
4 
-3 
4 
2 
3 
-1 
2 
6 
-5 
-9 
-4 
-3 
7 
-6 
6 
9 
6 

. 12 
-6 
3 

. 10 
-7 
0 
-2 

- OF . 
22 23 
30 28 
37 32 
39 3% 
47 57 

~ 63 63 
60 53 
53 42 
46 54 
39 36 
37 40 
34 34 
29 26 
34 31 
21 19 
28 25 
29 33 
34 41 
21 20 
30 29 
29 31 
17 14 
33 21 
27 35 
34 37 
22 24 
21 12 
35 34 
32 39 
41 50 
33 30 

- "F . - .F . 
-1 
2 
5 
1 

. 10 
0 
7 
11 
-8 
3 
-3 
0 
3 
3 
2 
3 
-4 
-7 
1 
1 
-2 
3 
12 
-8 
-3 
-2  
12 
1 
-7 
-9 
3 

- 
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CONVENTIONAL FORECASTS 
OF MINIMUM TEMPIDATURE 
Fore- Obser- 

Error cast ved 

DATE 

T a b l e  2 ... Continued 

TRAJECTORY FORECASTS OF 
0730 E.S.T. TEMPERATURE 
Fore- Obser- 
cast ved Err or 

194 6 
February 1 ............. 

2 ............. 
3 ............. 
4 ............. 
5 ............. 
6 ............. 
7 ............. 
8 ............. 
9 ............. 
10 ............. 
11 ............. 
12 ............. 
13 ............. 
14 ............. 
15 ............. 
16 ............. 
17 ............. 
18 ............. 
19 ............. 
20 ............. 
2 1  ............. 
22 ............. 
23 ............. 
24 ............. 
25 ............. 
26 ............. 
27 ............. 
28 ............. 

.F . 
29 31 
15 23 
15 2 1  
28  31  
34 31 
35 32 
32 29 
31 38 
4 0  38 
30 24 
20 24 
28  35 
44 46 
29 24 
15 2 1  
4 0  4 0  
35 35 
29 30 
32 35 
27 29 
2 8  32 
42  36 
35 36 
28 26 
27 35 
44 57 
35 37 
32 31 

- OF . - OF . 
- 2  
- 8  
-6  
-3 
3 
3 
3 

-7  
2 
6 

-4 
- 7  
- 2  
5 

-6 
0 
0 
-1 
-3 
-2 
-4 
6 

-1 
2 

-8 
. 13 

- 2  
1 

I_ 

Average Error ..... 
Maximum Error  . . . . . .  
Bias .............. 

O F  . 

OF . O F  . 
3.9  4.2 

- .. 

13 . 22 

-1 .4  0 .. 2 

Oi? . 
33 
25 
36 
32 
36 
30 
25 
38 
45 
35 
26 
32 
4 1  
36  
30 
33 
35 
34 
39 
33 
33 
40  
39 
25 
31 
44  
36  
37 

3 4  
23 
22 
32 
33 
32 
29 
39 
38 
24 
24 
38 
63 
24 
22 
40 
37 
30 
39 
29 
33 
4 0  
36 
26 
3 6  
57 . 
37 
3 2  

OF . 
-1 

2 
14 
0 
3 

-2  
- 4  
-1 

7 
11 
2 

-6 
. 22 

12 
8 

-7 
-2  

4 
0 
4 
0 
0 
3 
-1 
-5 
. 13 
-1 
5 

- 

I I 

SUMIVIARY 

CONVENTIONAL TRAJECTORY I FORECASTS I FORECASTS 
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Table 3.--Comparison of conventional f o r e c a s t s  of t h e  24-hour minimum temper- 
ature change with t h e  observed minimum temperature change a t  Wash- 
ington National Ai rpor t ,  December 1, 1945 t o  February 28, 1946. 

Conventional f o r e c a s t  (OF. ) 
-19" -14" -9' -4" +5" +lo" +15" 

-20" t o  t o  t o  t o  t o  t o  t o  + Z O O  

-15" -10" -5" 4" +9" +14" +19" TGTAL 

Ob 8 er ved -20" 1 
c hang e 

-19" to -15" 

-14" t o  -10" 1 

-9" t o  -5" 

-4O t o  +4" 

+5" t o  +9" 

+lo" t o  +14" 

+15" t o  +19" 

+zoo 

1 

2 1 

2 7 

2 8 

6 27 3 2 

9 4 1 

2 5 

1 

1 1 

2 

3 

10 

10 

38 

15 

7 

2 

z 
TOTAL 2 5 3 21 38 14 4 2 0 89 



21 

Table 4.--Comparison of t r a j e c t o r y  f o r e c a s t s  of t h e  24-hour change i n  
0730 E. S. T. temperature wi th  t h e  observed change at Wmhington 
Nat iona l  A i rpo r t ,  December 1, 1945, t o  February 28, 1946 

Tra j ec to ry  f o r e c a s t  ( O F .  ) 

t o  t o  
-19" -14' -9" -4' +so +lo" +E" 

t o  t o  t o  too t200  
TOTAL -200 -15" -10" !go + 4 O  t9" +14" +19 

Ob 8 er  v ed -20" 3 1 4 
change 

-19" t o  -15" 1 2  3 

-14" t o  -10" 1 3  4 4 12 

-9" to -5" 4 4 8 

-4" t o  +4" 4 18 6 1 29 

t5" t o  +go 1 6  9 3 3 20 

+lo" t o  +14" 2 5  1 8 

c) -1-15" t o  +19" 1 1 L 

t20" 1 1  1 3 

TOTAL 3 3 5 13 35 22 6 1 1  89 
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Figure 1.--700-mb. contour p a t t e r n  a t  2300 E.S.T., January 12, 1946. (Method 
of determining t h e  points  marked P6, P12, e t c , ,  is given i n  Appen- 
d i x  A. ) 

Figure 2 .--Plotted comparison of observed and f o r e c a s t  t r a j e c t o r i e s  i n t o  
Washington f o r  t h e  YO-how period, 0130 E.S.T., January 13, 1946, 
t o  0730 E.S.T. January 14, 1946. 
d e t a i  b . ) (See Figure8 3, 4, and 5 f o r  



23 

(a)  Forecast  t r a j ea to ry ,  0130-0730 (b ) Observed t ra jec tory ,  0130-0730 
E.S.T., January 13. E.S.T., January 13. 

(c ) Forecast  t r a j ec to ry ,  0730- 1330 
E.S.T., January 13. 

( d )  Observed t ra jec tory ,  0730-1330 
E.S.T., January 13. 

Figure 3.--Forecast ( l e f t )  and observed ( r i g h t )  t r a j e c t o r i e s  f o r  t he  f i rs t  
12 hours of t he  30-hour forecae t  period. 
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(a) Forecast  t r a j ec to ry ,  1330-1930 
E.S.T., January 13. 

(b ) Observed t r a j ec to ry ,  1330- 1930 
E.S.T., January 13. 

( c )  Forecast  t r a j ec to ry ,  1930 E.S.T., 
January 13, t o  0130 E.S.T., Jan- 
uary 14. 

(d )  Observed t ra jec tory ,  1930 E.S.T. , 
January 13, t o  0130 E.S.T., Jan- 
uary 14. 

Figure 4.--Forecast ( l e f t )  and observed ( r i g h t )  t r a j e c t o r i e s  for the  second 
12  how8 of t h e  30-hour t r a j ec to ry .  
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(a )  Forecast  t r a j e c t o r y ,  0130-0730 
E.S.T., January 14. 

( b )  Observed t r a j e c t o r y ,  0130-0730 
E.S.T., January 14. 

Figure 5.--Forecast ( l e f t )  and observed ( r i g h t )  t r a j e c t o r i e s  f o r  the  f i n a l  
6 hours of the  30-hour t r a j e c t o r y .  
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Figure 6 . - - I l l u s t r a t ion  of erroneous water t r a j e c t o r y  forecas t ,  associated 
with a high pressure system along the  E a s t  Coast a t  0130 E.S.T., 
February 15, 1945. 



27 

(a)  February 13, 1944, 2300 E.S.T., 
3-km. map. 

( b )  February 14, 1944, 0130 E.S.T., (c ) February 15, 1944, 0730 E.S.T., 
surface map. surface map. 

Figure 7--The 3-km. pressure map, showing (a)  the  forecasted path of t h e  
surface low pressure system used t o  obtain the  fo recas t  t r a j ec to ry ,  
shown on surface map (b); the observed t r a j e c t o r y  shown i n  ( b )  d i f -  
fers from the forecas t  t r a j e c t o r y  because of th’e unpredicted 30- 
hour deepening of the  LOIT, the  observed path of which is  shown i n  
(c 1. 
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Figure 8.-- (a> Geographical or ig ins  of "observed map'' t r a j e c t o r i e s ,  c l a s s i f i e d  
by area.  
(b )  Mean 0730 E.S.T. temperatures (OF.) a t  Washington, D. C., f o r  
"observed map" t r a Jec to r i e s  or ig ina t ing  i n  designated areas. 
( c )  Lowest 0730 E.S.T. temperatures (OF.) a t  Washington, D. C.,  f o r  
"observed map", 30-hour t r a j e c t o r i e s  or ig ina t ing  i n  designated &reage 
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P a r t i a l  regress ion  c o e f f i c i e n t  f o r  xp. 
( b  1 

P a r t i a l  regress ion  c o e f f i c i e n t  f o r  x3. 

Regress ion constant ( d )  . 

Figure 9. --Geographical d i s t r i b u t i o n  u f  regress ion  constants  i n  "land" fore- 
c a s t i n g  eqmt ion ,  y = 
(Explanation of terms used i n  equation is  given i n  Sect ion 6 . )  

+ bxZ + cx3 + d. 
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DEPARTURE FROM N0,RMAL TEMPERATURE 
(0130 E S T TODAY") 

Figure lO..--Distribution of forecasts  made during the t e s t  winter 1945-46, 
compared with the regression l i ne  fo r  the "Morma.1 Persistence" 
forecast ing equation, derived from data of three previous win- 
t e r s .  . 

TEMPERATURE AT COLUMBUS, OHIO, ( 0130 E. S.T. " TODAY " ) 

Figure 11, --Distribution of forecasts  made during the t e s t  winter 1945-46, 
compared with the regression l i n e  f o r  the "Colwlbus" forecast-  
ing equation, derived from data of three previous winters. 
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30 O 

20 " 

I O "  

0" 

-10" 

-20"  

-30" 

CONVENTIONAL MINIMUM 
TEMPERATURE FORECAST . TRAJECTORY 0730 E.S.T. 
TEMPERATURE FORECAST 

0 

-40 "  

30" 20" IO" 0" -10" - 20" -30" 

Figure 12. --Compnrison cf errors made using t rn jec toyy  f orecctsting method 
with those made using conventionnl method i n  instances where 
the temperature change w~1s  observed t o  be 710°F'. Cases a r e  
t R k m  from t h e  winter season of 1945-46. 

Tablo 5.--Summry of errora s h m  in  Fig. 12. - 
TraJoatory ConvontloMl 

mothod mothod -- .. 
- 8 .  - 

Hieing tempernturo 
Avorago orror ................ 7 . 3  

Biao ................ - 7 . 2  
Ertromo orror ................ -22 

- r .  

5.5 
-4.6 

- 
- 13 

Fnlllng tomporntwo 
Averngo orror ................ 5.1 4 . 0  

Bin0 ................ 3.8 0. G 
Extrema error ................ +12 - R  
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ERROR IN O F  
(a) Tra jec tory  Method 

cn 
LT 
0 
lr 
LT 
W 

LL 
0 
>- 
0 z 
W 
3 
0 
W 
LT 

ERROR IN O F  
(b ) Conventional Method 

ERROR IN O F  
(c ) Revised Conventional Method 

Figure 13. - -Distr ibut ion of e r r o r s  assoc ia ted  wi th  t raJec tory ,  conventional, 
and r e v i s e d  conventional methods of forecast ing,  as t e s t e d  during 
t h e  winter,  1945-46. 
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ERRORS C. 5°F. ERRORS zs 10°F. ERRORS 5 15°F 

FZZZZJ "NORMAL PERSISTENCE I' METHOD 

IEZiZZJ "COLUMBUS" METHOD ( A L L  CASES) 

EZZEl " FORECAST TRAJECTORY 'I METHOD 

UDDlUUl CONVENTIONAL METHOD 

Figure  14.--Distr ibut ion of e r r o r s  i n  four  temperature f o r e c a s t i n g  methods 
app l i ed  t o  t h e  win te r  1945-46. 
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APPENDIX A 

Detailed Tnstructlon9 f o r  Forecnstlnn the  - \> ----  - - - -. 

30-haur TraJectory o f m a c h i n e ;  Washington a t  0730 E.S.T. 
- - - I  -_I 

The c h a r t s  required t o  obtain a t r a j e c t o r y  of t h i s  kind are t h e  2300 
E.S.T. (04002) 3-km. o r  700-mb. char t ,  and t h e  0130 E.S.T. (06302) sur face  
chart .  In addi t ion,  c e r t a i n  E m a l l  base weather maps a r e  required p lus  a 
t ransparent  overlay map of t h e  same s c a l e  and project ion as t h e  0130 E.S.T. 
aurface chart .  (See Charts I - IV a t t a c h e d . )  

Chart I: 
a. Mark off a point,  B, 4-1/2" of longitude due w e s t  of Washington, 

(WA), on t h e  700-mb. c h a r t .  
b. A t  point  B, using t h e  proper wind s c a l e ,  measure t h e  contour o r  

isobar spacing and go upwind p a r a l l e l  t o  t h e  contours or Isobars,  a d i s -  
tance equal  t o  6 hours of t r a v e l  a t  BO percent of t h e  speed indicated by 
t h e  spacing, and mark a point,  B-1. 

peat a t  B-2 t o  g e t  B-3, and a t  B-3 t o  g e t  B-4. 

and mark a point ,  PZ4. 

and mark a point ,  PIB. 

and mark a point,  P12. 

and mark a point ,  Pg' 

c .  A t  B-1, r e p e a t  t h e  process j u s t  ou t l ined  t o  obtain point B-2. Re- 

d. A t  B-4, go due e a s t  f o r  a d is tance  equal t o  4-1/2" longitude, x i ,  

e. A t  B-3, go due east f o r  a d is tance  equal  t o  4-1/2" longitude, x+- , 

f .  A t  B-2, go due east f o r  a d ie tance  equal t o  4-1/2" longitude, x$ , 

A t  B-1, go due east for a. d i s tance  equal  t o  4-.1./2" longitude, x 1, g.  

Chart I1 : 

points  from Chart I: 
t o  b e  t ransfer red .  
t ransparent  overlay. (Chart IV). 

Transfer t o  a blank base map of t h e  type of Chart I1 t h e  following 
WA, P6, P12, PIR, PZ4. None of t h e  other points  a r e  

Mark t h e s e  same points  (WA, P6, PI?, P18, P2,) on t h e  

Chart I11 : 
Mark PZ4 on t h e  0130 E.S.T. map (Chart 111). 

Char% IV: 
Place t h e  t ransparent  overlay (Chart JY) on t h s  0130 E.S.T. surface 

map (Chart 111) so t h a t  bJf4 on t h e  overlay i s  superimposed on P74 on t h e  sur- 
face  map, and l i n e  up t h e  overlay and t h e  sur face  map by re ference  t o  t h e  
l a t i t u d e  and longitude l i n e s ,  so t h a t  t h e r e  is no "skew". 

a. 
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(Note that  t h e  isobars  on t h e  sur face  map a r e  r L  .Lily v i s i b l e  through t h e  
over lay. ) 

b.  Measure isobar spacing a t  WA on overlay and go upwind from WA a 
d is tance  equal t o  6-hour t r a v e l  a t  80 percent of the  speed indicated by t h i s  
spacing and a t  an angle of 30" t o  t h e  isobars.  Mark t h i s  point  D - 1  on over- 
lay. 

on PZ4 on sur face  map, and again l i n e  up overlay and map. 

d i s tance  determined i n  the manner out l ined above. Mark th i s  point D - 2  on 
over lay. 

Posed on pz4 on sur face  map, and l i n e  up overlay and map. 

dietance determined i n  t h e  manner out l ined.  Mark t h i s  point D - 3  on overlay. 
Place overlay on surface map 80 t h a t  PX8 on overlay i s  superimposed 

on PZ4 on map, and l i n e  up overlay and map. 

d i s tance  determined i n  t h e  manner outlined. Mark t h i s  point D-4  on overlay. 
Place overlay on surface map so t h a t  P24 on overlay i s  superimposed 

On p24 on sur face  map, and l i n e  up overlay and map. 
now be i n  per fec t  super impos it ion, 

d i s tance  determined i n  t h e  manner out l ined.  Mark t h i s  point  D-5 on overlay. 

c .  

d. Measure isobar  spacing at  D - 1  on overlay and go upwind from D-1 a 

Place overlay on sur face  map so t h a t  P6 on overlay is superimposed 

e. 

f .  Measure isobar spacing at  D-2  on overlay and go upwind from D-2  a 

g. 

h. Measure isobar  spacing a t  D-3  on overlay and go upwind from D - 3  a 

i. 

Place overlay on surface map s o  t ha t  P12 on overlay is superim- 

Overlay and m8p should 

j. Measure isobar  spacing a t  D - 4  on overlay and go upwind from D-4 a 

Draw a l i n e  on overlay from WA t o  D - 1  t o  D-2 t o  D - 3  t o  D-4 t o  D-5. This 
l i n e  represents  t h e  30-hour t r a j e c t o r y  of t h e  air parcel .  
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Chart 1.--This chart  represents the 2300 E.S.T. (0400 Z), 3-km. or  700-mb. 
chart. 

Chart 11.--This chart  aerves merely as a record of the pointa found and Of 
the traJectory, and it may be omitted without a l te r ing  the proc 
cese of conetructing the trajectory.  
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Chart 111.--This char t  represents the 0130 E.S.T. (0630 Z )  surface map. Only 
is marked on t h i s  map. (See t e x t )  '24 

Chart IT.--This char t  represents the transparent overlay referred t o  i n  the 
text ,  and shows the completed traJectory.  Since the transparent 
overlay i s  used again and again, a permanent record of the tra- 
jectory is kept by t ransferr ing the I'D" points t o  Chart  11. 
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APPENDIX B 

Reasons f o r  Using 0730 E. S. T. Normal Temperatures 

Two of t h e  parameters involved in  t h e  N.Y.U. fo recas t ing  equations a r e  
t h e  0730 E.S.T. normal temperatures a t  both New York and the  index s t a t ion .  
I n  extending the  24-hour time lag t o  30 hours f o r  t h e  \!ashington.forecasting 
program, the  question arose as t o  whether or  not  new 0130 E.S.T. decade 
normal' temperatures would have t o  be computed. The decision t o  use  t h e  0730 
E.S.T. normals which had already been prepared f o r  t h e  New York Universi ty  
pro jec t  w a s  based on t h e  following considerat ions:  ' 

1. 0130 E.S.T. normals were ava i lab le  f o r  r e l a t i v e l y  few s t a t i o n s  while 

2. If the d i f fe rence  between OX30 E.S.T. normals and 0730 E.S.T. nor- 
t h e  0730 E.S.T. normals were ava i lab le  fo r  a la rge  number of s t a t ions .  

mals were constant throughout t h e  period considered f o r  each s t a t ion ,  no d l f -  
ference In accuracy would arise, as is  shown below: 

The standard deviat ion of t h e  d i f fe rence  (Trn0130-Trn0730)* is 
.80 f o r  the sample evaluated. 
The "probable" deviat ion estimated from (. 67 ) ( 80) is about 
054. 
Weight given t o  t h i s  normal is .20 i n ' t h c  "forecast  t ra jec tory ' '  
northern land formula. 
changed but  s l i g h t l y  i f  t h e  0130 E.S.T. normals were used i n  
es tab l i sh ing  the equation, thr: probable e r ro r  generated would 
be roughly (.20) (.54) = .11. 
For Washington, t h e  d i f fe rence  is  constant fo r  December, Jan- 
uary, and February. 
This error i s  small compared t o  t h a t  expected from unevaluated 
inf  luenc es . 

Assumina that t h i s  weight would be 

* Tr,0130 = normal temperature a t  reference s t a t i o n  (Washington) a t  0130 E.S.Te 

Trn0730 = ncjrmal temperature a t  re ference  s t a t i o n  (17ashington)at 0730 E.s.T. 


