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Abstract

National W eath er Service w ind  forecasts and observa-
tions over a nine-year period  (19 85-19 9 3) w ere analyzed
to d eterm ine th e usefulness of th ese forecasts for forestry
sm ok e  m anagem ent. Data from  Macon, Georgia in d icated
th at forecasts w ere accurate to w ith in plus or m inus 22.5
d eg about 38% of th e tim e. W h en a w id e r plus or m inus
67.5 d eg w indow  w as used, accuracy increased to about
79 %. W h en forecast w ind speeds w ere 15 m ph  or m ore,
forecast w ind direction im proved  in accuracy by about
15%. Som e bias w as present in w ind -d irection forecasts.
Errors of 22.5 to 67.5 d eg to th e left of th e forecast d irec-
tion (one sem iquad rant left) w ere m ore com m on th an sim -
ilar errors to th e righ t. Th is bias is m ost pronounced  for
forecasts verifying at nigh t, w ith  leftw ard  errors occurring
up to 2.5 tim es m ore frequently  th an righ tw ard  e rrors. Th e
bias w as m uch  less during 19 85-19 86 th an during later
years. Som e w ind  d irections w ere forecast m ore accurate-
ly and  w ith  less bias th an oth ers. Lim ite d  data at
Augusta, Georgia sh ow e d  forecast accuracy and  b ias w ere
generally sim ilar to th at at Macon. Forecast perform ance
for specific w ind directions varied  considerably betw een
Macon and Augusta.

1. Introduction

An estimated 6-8 m illion acres  of forest land in th e
south e rn United States  are  tre ated annually by pre -
scrib ed  fire . Th e  large  num b e r of fire s  requ ired  to m ain-
tain south e rn forest e cosyste m s ch allenges  land m an-
age rs ch arged w ith  m aintain ing air quality and k e e ping
sm ok e  from  sensitive  are as. One of th e  m ajor questions
faced by land m anage rs is, ‘W h e re  does  th e  sm ok e  go?”

As south e rn  w oodlands becom e  m ore  urbanized, dete r-
m ining th e direction sm ok e  m oves  from  individual pre -
scribed  fire s  w ill b ecom e  m ore  critical to planning and
e xe cuting e ach  burn. W ind-dire ction fore casts are  th e
basis of such  plans and execution . Th e ir accuracy is cle ar-
ly link ed  to th e  success of prescribed  burn ing program s.
Th e  question of ‘W h e re  does  th e  sm ok e  go?” b ecom es  a
question of “H ow  accurate  are  th e  w ind-dire ction fore -
casts provided by th e National W e ath e r Se rvice ?”

Public w ind-dire ction  fore casts used in m ost burn ing
ope rations are m ade  available  e arly in th e  m orn ing of th e
day of th e  fore cast or during th e  late  afte rnoon of th e  pre -
vious day. W ind dire ctions are  typically given  to on e  or
tw o of e igh t cardinal points, i.e ., N, NE, E, e tc. Th is pape r

investigates  th e  fre qu ency of success and m ode  of failures
of public w ind-dire ction fore casts by th e National
W e ath e r Se rvice  (NW S) for Macon (MCN) and Augusta
(AGS),  Ge orgia.’ Arm ed w ith  th is inform ation, th e  forest
land m anage r can  b ette r e valuate  th e  risk  of sm ok e  prob-
le m s from  an individual fire  e ven  w h e n  a fore cast is
faulty. Oth e r fore cast users for w h om  w ind dire ction  is a
critical e le m e n t sh ould also find th is inform ation valu-
able . Finally, th e data can provide  valuable  fe edback  to
th e  fore casting com m unity its elf

2. Methods

a. Description of th e sites, d ata, and  analysis approach

Macon, Ge orgia is located at 32” 42’ N and 83” 39 ’ W  at
354 fe e t e le vation . Th e site  is about 1.5 m iles  w e st of th e
Ocm ulge e  R ive r and is surrounded by predom inantly flat
te rrain th at is w e ll w ooded exce pt for a fe w  farm s. Th e
w ind instrum entation is on  re lative ly h igh  ground and is
w e ll e xposed . Th e site  is fairly re pre s entative  of m uch  of
central Ge orgia, b e ing less subje ct to cold air drainage
th an th e Byron Agricultural Expe rim ent Station a fe w
m iles  to th e  south w est, but considerably m ore  so th an  th e
auth or’s residence  4 m iles  to th e  south  on a low  ridge  of
approxim ate ly 420 fe e t e le vation .

Augusta, Ge orgia is located at 33” 22’ N and 81” 58’ W
at 136 fe e t e le vation . Th e site  is about 2 m iles  w e st of th e
Savannah  Rive r, w ith  h ills about 200 fe e t h igh e r th an  th e
site  about 1 m ile  to th e  w e st and sw am pland located
im m ediate ly to th e  north , e ast, and south . Th e site  is gre at-
ly subje ct to cold air drainage  and is representative  of loca-
tions near th e  fall line w e ll w ith in substantial valleys.

National W e ath e r Se rvice  w ind fore casts and w ind
obs ervations w e re  analyzed and com pared for Macon
(MCN). Th e  data for th e  n ine-year period (19 85-19 9 3)
contained  fe w  gaps. Th e data se t used early m orning fore -
casts (re le ased at approxim ate ly 0500 LST) com pared
against h ourly w ind obs ervations for th e  subs equent day-

[l] National Weather Service forecasts for Macon were issued
from the NWS Forecast Office at Atlanta with rare modifications by
the Macon NWS Office to period 1 forecast information only.
Forecasts verified at Augusta were issued by the NWS Forecast
Office in Columbia, South Carolina for the Savannah River Site.
These forecasts were not modified.
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ligh t (pe riod 1; 0800 to 19 00 LST) and dark ness  (pe riod 2;
2000 to 0700 LST th e  n e xt day) inte rvals.

A sh orte r data se t, w ith  num e rous gaps in  cove rage ,
w as analyzed for NW S fore casts m ade  for th e  Savannah
Rive r Site , South  Carolina during th e  pe riod 19 89 -19 9 3.
Augusta (AGS) about 20 m iles distant w as used as th e
ve rification site  for th e  fore casts. Th e data se t used afte r-
noon fore casts (re le ased by 1500 LST) com pared against
h ourly w ind obs ervations for subsequent dark ness  (pe ri-
od 1,200O  to 0700 LST th e  n e xt day) and dayligh t (pe ri-
od 2, th e  n e xt day at 0800 to 19 00 LST) inte rvals.

b. Analysis tech nique

sm ok e  south w ard (to th e  n e are st com pass point).
Be cause  south  is adjacent and to th e  1eR  of south w est
w h e n  facing SW , th e  fore cast w as lab eled a near m iss to
th e  le ft for th at h our A sim ilar tabulation w as m ade  for
fore casts th at w e re  n e ar m isses to th e  righ t. Fore casts
th at w e re  a dire ct h it, a n ear m iss to th e  le ft, and a near
m iss to th e  righ t w e re  com b ined into a n ear/dire ct-h it cat-
e gory, all oth e rs w e re  lab e led  a m issed fore cast.
Occasional m ultiple  w ind-dire ction  fore casts m ay “h rack -
e t” an observed w ind dire ction, e .g., a fore cast of SW , sh ift-
ing to NW  brack e ts an obs erved 270 deg dire ction . Such
cases  w e re  scored l/2 “a n ear m iss to th e  le ft” and l/2 “a
n ear m iss to th e  righ t”.

National W e ath e r Se rvice  w ind-dire ction  fore casts are
ge n e rally given  for on e  of e igh t dire ctions, i.e ., NE (45
deg), E (9 0 deg), SE (135 de g), S (180 deg), SW  (225 deg),
W  (270 de g), NW  (315 deg), or N (360 deg).  Som e tim es  no
w ind dire ction  is fore cast, as in  “calm ” or “ligh t and vari-
able ” -  th e s e  fore casts w e re discounted in th e  statistics.
H ourly obs erved w ind dire ctions are  available  in lo-
degre e  incre m e n ts (w ind obs ervations of “calm ” w e re  not
considered). If an  obs erved w ind ble w  out of th e  corre ct
predicted dire ction, i.e ., to th e  n e arest e igh t-point com -
pass dire ction  to th e  obs erved, th e  fore cast w as lab eled a
dire ct h it for th at h our. For e xam ple , if 19 0 de g w as
obs erved and a S w ind w as fore cast, th e  fore cast w as
lab eled a dire ct h it (th e  n e xt closest possible  fore cast
point is 225 de g). A fore cast w as lab eled a n ear m iss to
th e  le ft if th e direction  of trave l of w ind-borne  sm ok e  w as
approxim ate ly on e  com pass point to th e  le ft of th at indi-
cated by th e  fore cast. For e xam ple , given  a NE fore cast
and a 350-de g  obs ervation, th e  fore cast w ind w ould tak e
sm ok e  south w estw ard, w h ile  th e  obs erved w ind took

3.

a.

Analysis of Forecasts

Macon, Georgia -  overall

Figure  1 sh ow s th e  analysis for MCN early m orning
fore casts for “today” and “tonigh t” at all w ind speeds for
e ach  individual w ind dire ction and for all w ind dire ctions.
From  1eR  to righ t, th e  bar graph  groupings sh ow  fore casts
w ith  ve rifying w inds erring on e  s em iquadrant to th e  le ft,
dire ct h it fore casts, fore casts w ith  ve rifying w inds erring
one  s em iquadrant to th e  righ t, and m issed fore casts.

About 38% of all obs erved w ind dire ctions re pre s ented
dire ct h its, w h ile  21% w e re  m issed fore casts (i.e ., 79 %
w e re  n e ar/dire ct h its). A m ark ed  1eR  to righ t b ias (m ore
fore casts m issing by a sem iquadrant to th e  le ft vs. on e  to
th e  righ t) e xisted in th e  ove rall n ear-m iss ve rification cat-
e gorie s . Rough ly 25% of fore cast ve rifications w e re  off on e
s em iquadrant le ft; only 16% be ing off on e  s em iquadrant
righ t. Accuracy and bias varied  considerably as a function
of fore cast w ind dire ction . Dire ct h its at MCN w e re  m ost
frequ ent for NE, W , and NW  fore casts, w h ile  m issed fore -
casts w e re  m ost fre qu ent for SE, S, SW , and N fore casts.
Le ft to righ t b ias w as m ost notable  for E and N fore casts,
w h ile  SW  and W  fore casts actually h ad a sm all righ t to
le ft bias.

7 0
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W i n d  D i re c ti o n
Fig. 1. Percent of forecasts off one semiquadrant left (slashed to
upper left), scoring a direct hit (cross slashed), off one semiquad-
rant right (slashed to upper right), and missed (solid), by wind
direction at Macon, Georgia.

b. Macon, Georgia -  year-to-year perform ance

Inte restingly, Fig. 2 sh ow s fore cast le ft to righ t bias
n early absent in th e  MCN data for 19 85-19 86 (21% 1eR
vs. 20% righ t). Th e  b ias is consiste ntly strong (26% 1eR  vs.
15% righ t) during th e  re m ain ing years (19 87-19 9 3), sug-
gesting a ch ange  in  w ind-dire ction  fore casting procedure
th at introduced bias at MCN.

c. Macon, Georgia -  d ay, nigh t, an d  resultant w ind s

Figure  3 com pares  ove rall w ind-dire ction  ve rification
data against “day-only” fore casts, “n igh t-only”, and 12-h
resultant w inds (i.e ., ve ctor-ave raged w inds) used as ve r-
ification. Modest diffe rences  appe ar b etw e e n  day and
nigh t fore cast accuracy -  day scored 40% dire ct h its
w h ile  n igh t scored 35%. Missed fore cast scores  w e re  20%
day and 23% nigh t. Le ft to righ t b ias w as m uch  m ore  pro-
nounced for nigh t th an day -  day scores  w e re  22% le ft
vs. 19 % righ t, w h ile  n igh t scores  w e re  30% le ft vs. 12%
righ t. Th e day fore casts w e re  m ore  accurate  for MCN for
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Fig. 2. Percent of forecasts off one semiquadrant left (slashed to
upper left), scoring a direct hit (cross slashed), and off one semi-
quadrant right (slashed to upper right), by year at Macon, Georgia.
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flg. 4. Percent of forecasts scoring a direct hit (vertical lines), scor-
ing a near/direct hit (horizontal lines) for all forecast cases; and
scoring a direct hit (horizontal and vertical crossed lines), and scor-
ing a near/direct hit (diagonal crossed lines) for forecast wind
speeds greater than 10 mph at Macon, Georgia.

Fig. 5. Percent of forecasts off one semiquadrant left (slashed to
upper left), scoring a direct hit (cross slashed), off one semiquad-
rant right (slashed to upper right), and missed (solid), by forecast
wind speed (All, Greater Than 5 mph, Greater Than or Equal to 10
mph, Greater  Than 10 mph, and Greater Than or Equal to 15 mph)
at Macon, Georgia.
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Fig. 3. Percent of forecasts off one semiquadrant left (slashed to
upper left), scoring a direct hit (cross slashed), off one semiquad-
rant right (slashed to upper right), and missed (solid), by forecast
type (All, Day, Night, and 12-h Resultant Winds) at Macon,
Georgia.
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s eve ral re asons. Th ey w e re  all pe riod 1 fore casts, ve rify-
ing w ith in about 12 h . Th e  n igh t fore casts w e re  pe riod 2
fore casts, ve rifying in  th e  12-24 h  fore cast pe riod.
More ove r, surface  w inds at n igh t are  ge n e rally m ore dif-
ficult to fore cast b ecause  inve rsions are  frequ ent and
local scale  ph e nom ena tend to dom inate  flow s.

Using 12-h  resultant w inds as th e  ve rification  basis for
w ind-dire ction  fore casts considerably im proved fore cast
accuracy but did not sign ificantly ch ange  th e  le ft to righ t
fore cast b ias (Fig. 3). Both  dire ct-h it and near/dire ct-h it
fore casts im proved by about 7%; h ow e ve r, le ft to righ t
bias w as 26% to 16%, com pared to 25% to 16% for all
h ourly w inds. Th e  im prove m e n t in accuracy is e xpe cted
for resultant w inds because  sm alle r scale  fluctuations
th at m ay not h ave  b e e n  considered in th e  fore casts w ould
tend to b e  ave raged out. Th e  lack  of im prove m e n t in  b ias
scores suggests th at a syste m atic e rror for fore casting
w ind dire ction at MCN m ay e xist, particularly during
nigh t h ours.

d . Macon, Georgia -  by seasons and by forecast w ind
speed

Figure  4 sh ow s th e  pe rform ance  of w ind dire ction  fore -
casts for MCN by seasons. Se asons are  d efined as Mar-
May = spring, Jun-Aug = sum m e r, Se p-Nov = fall, and
Dee -Fe b  = w inte r. Th e  bar graph s sh ow  dire ct h its and
n ear/dire ct h its for all cases , and dire ct h its and
n ear/dire ct h its for fore cast w ind speeds of gre ate r th an
10 m ph . Th e re  is a se asonal response  (sum m e r m ini-
m um /w inte r m axim um ) of about 8% for dire ct h its and
n ear/dire ct h its for all cases  as w e ll as for dire ct h its for
gre ate r th an 10 m ph  fore cast. Th e re  is little  response  to
n ear/dire ct h its for gre ate r th an 10 m ph  fore cast. Th e
s easonal response is due to pressure  fie lds being ge n e ral-
ly bette r de fined in th e  coole r part of th e  y ear. H ow e ve r,
th e re  is a gre ate r re sponse  w h e n  fore cast w ind speed is
dire ctly considered . W h e n  th e  fore cast w ind spe ed  is
gre ate r th an 10 m ph , th e re  is rough ly a 10% im prove-
m ent in  fore cast ve rification statistics for e ach  of th e  four
seasons, both  for dire ct h its and near/dire ct h its.

In  Fig. 5, MCN com b ined day and nigh t fore casts are
grouped by fore cast w ind speeds. In dete rm in ing fore cast
w ind spe eds, fore cast gusts w e re  ignored and w h e re  a
range  of spe eds  w as given  (e .g., 5-10  m ph ), th e  ave rage
w as used. Figure  5 sh ow s th at ove rall ve rification statis-
tics im proved m ark edly (up to 15% for fore cast w ind
spe eds  of 15 m ph  or m ore ) w ith  incre ased  fore cast w ind
spe ed , as w ould b e  expe cted. Fore cast w ind-dire ction  b ias
did not sign ificantly ch ange  w ith  fore cast w ind speed.

e . Savannah  River Site, South  Carolina and  Augusta,
Georgia

Despite  s eve ral proble m s w ith  th e  Savannah  Rive r
Site data se t (including data gaps and a re m ote  ve rifica-
tion site ), ove rall fore cast pe rform ance  w as ve ry sim ilar
to th at of MCN. As sh ould b e  expe cted, th e  pe rform ance
for individual w ind dire ctions  varie s  considerably
b etw e e n  AGS and MCN. Figure  6 sh ow s th at about 39 %
of ove rall obs ervations ve rified as direct h its w h ile  23%
w e re  m issed fore casts. Th e s e  values w e re  w ith in 2% of
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Fig. 6. Percent of forecasts off one semiquadrant left (slashed to
upper left), scoring a direct hit (cross slashed), off one semiquad-
rant right (slashed to upper right), and missed (solid), by wind
direction at Savannah River Site, South Carolina/Augusta,
Georgia.
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26

th ose sh ow n for MCN. Fore casts of W  w inds w e re  m ost
accurate  (61% for dire ct h its and only 15% m issed fore -
casts). Fore casts of SW  w inds (36% dire ct h its) and SE
w inds (27% m issed fore casts or 73% n ear/dire ct h its) w e re
th e  le ast accurate . A 24% to 14% le ft/righ t bias (w ith in 2%
of th e  M CN statistics) is e vide nt (Fig. 6). Significant b ias
w as pre s ent for all years analyzed . Inte restingly, bias w as
le ast e vident for SW  (on e  of th e  le ast accurate ) and W  (th e
m ost accurate ) w ind dire ctions.

Figure  7 sum m ariz e s  all w ind dire ctions for ove rall,
day only, n igh t only, and 12-h  resultant w ind statistics as
ve rified at AGS. As m igh t b e  e xpe cted, AGS day-only sta-
tistics w e re  sligh tly less accurate  w h ile  n igh t-only statis-
tics w e re  sligh tly m ore  accurate  for AGS th an th ose  for
MCN (Fig. 3). Due  to th e  pe riod 1 advantage , n igh t fore -
cast pe rform ance  for th e  AGS data se t w as sligh tly bette r
th an day pe rform ance . Th e  12-h  resultant w ind results
for AGS are  also sim ilar to th ose  for MCN w ith  dire ct h it
and near/dire ct h it scores  w ith in 3% of th ose sh ow n in
Fig. 3. Exce pt for nigh t fore casts, th e  le ft vs. righ t bias
w as a little  gre ate r at AGS th an at MCN. H ow e ve r, le ft to
righ t fore cast b ias at AGS w as m ore  pronounced at n igh t
th an at day, w h ich  indicates  th at fore cast proble m s asso-
ciated w ith  nigh t are  m ore  s e rious th an th e  advantage
gained by period 1 b e ing at n igh t for th e  AGS data se t.

4. Summary

1) W ind-dire ction  fore cast accuracy (ove rall, day only,
and nigh t only) for dire ct h it ve rifications ranged from
35% to 40%,  w h ile  n ear/dire ct h its ranged from  77% to
80%.

2) First-pe riod fore casts (i.e ., th os e  th at ve rify w ith in
about 12 h ) sh ow e d a sligh t (5% or less) advantage  in
accuracy ove r se cond-period (12-24 h ) fore casts.

3) Fore casts for day pe riods w e re  m arginally m ore
accurate  th an  th ose  for n igh t.

4) A pronounced le ft vs. righ t bias occurred in w ind-
dire ction  fore casts, i.e ., m ore  obs erved w inds ve rified as
“off 1 le ft” th an as “off 1 righ t.” Th e  ove rall b ias at MCN
w as 25% vs. 16%.

5) Th e  le ft vs. righ t b ias w as nearly absent in  th e  first
tw o years analyzed (19 85-19 86) at MCN. Th is bias w as
consistently pre s ent in all subsequent years, both  at
MCN (19 87-19 9 3),  and AGS (19 89 -19 9 3).

6) LeR  vs. righ t b ias w as m ost pronounced (approach -
ing a ratio of 2.5:1) for fore casts th at ve rified  at nigh t.
Fore casts ve rifying during th e day h ad re lative ly low  b ias
(less th an  1.25:l).  Fore cast w ind speed se em ed to h ave  lit-
tle  e ffe ct on le ft vs. righ t b ias.

7) Using a 12-h  resultant w ind for ve rification purpos-
es im proved th e  accuracy statistics of fore casts by 7% at
MCN. Th is finding im plies  th at long-range  transport
dire ction  of sm ok e  is fore cast sligh tly bette r th an  sh ort-
range  (1 h  or less).

8) Using a 12-h  resultant w ind for ve rification did not
gre atly affe ct le ft vs. righ t b ias. Th is finding suggests th at
th e  cause of th e  w ind-dire ction  fore cast b ias is re al in a
synoptic m e te orology sense  -  im plying th at im prove-

I
National W e ath e r Digest

m ents in fore cast te ch n iques  could reduce  or e lim inate  it.
9 ) Fore casts m ade  in  w inte r w e re  about 8% m ore  accu-

rate  th an th os e  m ade  for sum m e r. Th e diffe rence  w as e ven
gre ate r (about 10%) w h e n  w ind dire ction fore casts for
pe riods of h igh  fore cast w ind speeds w e re  com pared to all
cases . Th at is, th e  im prove m e n t in accuracy seen in w in-
te r w as also obs erved during h igh  w ind cases in sum m e r.

10) A fore cast of h igh  w ind speed im proved th e  accu-
racy (but not th e  b ias) of th e  w ind-dire ction  fore cast. Th e
im prove m e n t at MCN w as 17% for dire ct-h it statistics
and 14% for n ear/dire ct-h it statistics, given  a fore cast
spe ed  of 15 m ph  or m ore .

11) Both  th e  accuracy and th e  b ias of a fore cast w as a
strong function of fore cast w ind dire ction . Spe cifics, such
as m ost or le ast accurate  (or b iased) w ind dire ction  w e re
strongly dependent on  th e site .

5. Implications

Fore casting w ind dire ction accurate ly ove r a tim e
fram e , useful to forestry prescribed burn e rs, is difficult
but crucial to th e  success of burning program s. Much  of
th e  proble m  results from  th e  w e ll-k now n vagarie s  of
w e ath e r syste m s th at produce  w ind fie lds in various spa-
tial and te m poral scales . Th is study h as atte m pted to
quantify th e  proble m  in a m anner unde rstandable  and
useful to fore cast users, particularly th ose in forestry. Th e
results of th is study illustrate  th at users sh ould not
e xpe ct fore cast w inds to b e  confined to a narrow  dire c-
tional bandw idth  and sh ould allow  for significant
vagaries in th e  w ind fie ld.

Th e  le ft to righ t b ias found in w ind-dire ction  fore casts
considered in th is study is troubling, e spe cially because
th e  b ias incre ased afte r 19 85-19 86. Future  re s earch
sh ould investigate  th e  causes  of th is bias. W ith  th is
inform ation, oth e rs m ay be able  to reduce  it and im prove
fore casts of w ind dire ction .
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