Algorithm POD PODn AE VE
ARPS SLW | 0.08 1.00 1.51 1.09
NCAR/RAP | 0.44 0.97 0.67 0.46
Stovepipe 0.35 0.97 0.78 0.61
AFGWC 035 0.98 0.45 0.33
Tremblay 0.39 0.97 0.79 0.32
LAPS 0.09 1.00 1.43 1.08
Table 4: Average performance statistics fo{i

forecasting any icing. AE and VE are in units of 10°
km2 and 10° km®, respectively.

PODn AE VE

Algorithm POD
1.50 1.08

ARPS SLW | 0.08 0.98
NCAR/RAP 0.58 0.88 0.88 0.61

Stovepipe 0.31 0.89 0.69 0.54
AFGWC 0.40 0.90 0.51 0.37
Trembla 0.42 0.89 0.84 0.35
LAPS 0.08 0.98 1.27 0.96

nce statistics for

Table 5:  Average performa
greater icirig. AE

forecasting |ight-to-moderate or

and VE are in units of 10° km? and 10 km,

respectively.

PODn AE VE
0.67 0.66 0.60
0.60 0.64 0.19

Table 6: Average performance statistics for
forecasting any turbulence. AE and VE are in units
of 10° km? and 10° km*, respectively. TKE
statistics exclude 00-hr forecasts.

Table 7: Average performanc
forecasting Iight-to-moderate or gr
AE and VE are in units of 10° km? and 10°
respectively. TKE statistics exclude 00-
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5.3 OBJECTIVE CLASSIFICATION OF AUSTRALIAN CLIMATES

Harvey Stern*, Graham de Hoedt* and Jeneanne Ernst™

*Bureau of Meteorolog
. ‘ y, Melbourne, Australi
Technische Fachhochschule, Berlin, Germa:iy

1. INTRODUCTION

i(éppen's scheme to classify world clima
deyised_ in 1918 by Dr Wiadimir Képpente:f“t,ia\:
Eglversny of Graz in Austria (Kdppen, 1931;
) s<)):r;>pen and Geiger, 1928; K&ppen and,Geiger,
9-39): The 'present paper presents ,
modification of Képpen’s scheme. °

2. BACKGROUND
2.1 Outline of the Képpen classification

The Koéppen classification is ba
concept_ that native vegetation iss edth: " b?si
ﬁxp_ressmn of climate, climate zone boundaries

_Ia_wmg been selected with vegetation limits in mind
( relinlartha, 1943). The classification may be
app! led_ to .present-day climatic conditions
Aiternatiyely. it also may be used to develo ai
future pllmatoiogy that is implied by the output gf a
nun&zgcal climate model (L6hmann et al., 1993)

] pen recognises five principal | .
ch_rnaies that are intended F:to cc?rregggl;zs\;fti:v?icce’
principal vegetation groups. These five climatic
groups may be described as tropical rainy, d
temperate rain_y, cold snowy forest, and poIar.y, 4
th The dr_y climates are defined on the basis of

ere bglng an excess of evaporation over
precipitation (this is determined from the mean
_all_r':nual temperature and the mean annual rainfall)
meea tr?plcal rainy climates are other climates with é
18°Cn i_arr:perature of the coolest month of at least
meari . e polar climates are other climates with a
e e1r_rl'|1perature of the warmest month of below
climai o ?thcold snowy forest climates are other
gl with a mean temperature of the coolest

nth of below -3°C. Remaining climates are

“defined as temperate rain
¢ 2T { y. Each of these clim
_is' further divided into sub-divisions based uaptgz

differences in the seasonal distribution of

-temperature and precipitation. For example

Kdppen climates with distinctly dry winters are

_defined as those temperate rainy climates and cold

snowy forest with at least ten times as much rain in

- the wettest summer m i

onth as in the driest winter
;bqunth. Trewarﬂia (1943) presents a full description
all of the subdivisions.

'o,r'responding author address: H
>orre ' : Harvey St
ictorian Regional Office, Bureau of Metgorolsg;;,

‘Box 1636M, Melb .
. H.Stern@bom. ov.gzme‘ 3001, Australia; e-mail:

2.2 Purpose

The purpose of this paper i i

urpos S paper is two-fold. Firstly, a
glgw mod_ification of Képpen’s classification of w):)rld
_ imates is p_resgnted. Secondly, the modification is
illustrated with its application to Australia.

3. DISCUSSION
3.1 Criticisms of the Képpen classification

Trewartha (1943) notes that 6 ’
chssaﬁcatno_n has been criticised from K%pa;;:)r:i:
Rorts of view" (Thornthwaite, 1931; Jones, 1932;
lcderman. 1942).. Rigid boundary criteria ofteri
ead iq large discrepancies between climatic
subdivisions and features of the natural landscape
Some boundaries have been chosen largely witri
natural iandscape features in mind, whilst other
bountiarles have been chosen largely with human
e;(genence of climatic features in mind. Trewartha
( N 43) ackngwledges th_e validity of these criticisms
when he writes that "climatic boundaries, as seen
on a map, even when precisely defined, are neither
better nor worse than the human judgements that
§elected them, and the wisdom of those selections
is always open to debate". He emphasises
however, that such boundaries are always subjeci
to change "with revision of boundary conditions
(apd thati ... such revisions have been made by
Képpen himself and by other climatologists as well”

) Nevertheless, the telling evidence that thé
Koppen ' classification's merits outweigh its
deficiencies lies in its wide acceptance. Trewartha
(1943) observes that "its individual climatic formulas
2;;; tallmpst a common Ilanguage among
° I?i ologists and geographers throughout the

orld ... (and‘that) ... its basic principals have been
... widely popled (even) by those who have insisted
upon making 'their own empirical classifications”.
t dTrewarthas (1943) comments are as relevant
oday as th"ey were half a century ago (see, for
example, Miiller (1982); Léhmann et al. (1993)).'

3.2 Modifying the Képpen classification

For the aforementioned reasons, i ifyi
the Koppen classification, the preseni ;Tjtirlgcr): Ihfya"\:g
chosen to only depart slightly from the original
Ngvenhelgss, the additional division of some of thé
Kgppen cllriiates and some recombining of other
Koppgn climates may better reflect human
experience of significant features. In recognition of
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this, the following changes have been adopted by (7) Carved out of the temperate, subtropical, and
the present work: cold snowy forest groups no distinctly dry the very fine detail, and that the Barnes approach Ack
(1) The former tropical group is now divided into season subdivision IS the moderately dry does not adequately reflect the impact of altitude in Ic nowledgements. The authors take great
two new groups, an equatorial group and a winter subdivision. This new subdivision sparse data and mountainous areas. Nevertheless peisi‘tj,re- " aclgnowledging the valuable
new tropical group. The equatorial group receives at least three times (but less than ten to show such fine detail on maps the scale of the &on ributions to their work made by Bureau of
fimes) the rainfall in the driest winter month. Australian continent may diminish the map's orimary C:::'?TOIC_)QV colleagues in the National Climate
aim, which is to provide a general picture of the Secti:r"s g'nd?neg:g“&'ctgilxaéeeg;:; (;:fr?g:u'tancy

corresponds to the former tropical group's

isothermal subdivision. The new tropical group distribution of cli
of climates.

This subdivision has been added in order that

there be a match with that part of the distinctly
5. REFERENCES

corresponds to that remaining of the former
tropical group- This is done to strongly dry summer subdivision that was not matched
distinguish between those climates with a by the distinctly dry winter subdivision. 4. CONCLUSION
significant annual temperature cycle from (8) The polar group has added toiit the subdivision
those climates without one. Under this polar maritime, this subdivision reflecting the 4.1 Summary Ackerman, E. A., 1942. The Képpen classification
definiton some climates, distant from the climate of the sub-antarctic islands, which ' of climates in North America. Geog. Rev., 31,
equator, are classified as equatorial. This is otherwise would have been classified A modification of the Koppen classification of J 105111
considered acceptable on account of that (inappropriately) as polar tundra. Polar tundra world climates has been presented. The extension ones, D. and Weymouth, G., 1997. An Australian
characteristic being typical of climates close to would be an inappropriate description for has been illustrated by its application to Australian monthly rainfall dataset. Technical Report 70,
the equator. climates where the average temperature of the climates. The classification does not identify eve Bur. Meteor., Australia. 19pp.
(2) The equatorial and tropical group monsoon coldest month is -3°C or above. This is climate variation because a compromise has to br: Jones, S B'- 1932. _ Classifications of North
subdivisions are re-named as rainforest because, with the temperature not well below reached between sacrificing _either detail o Ko American climates. Econ. Geog., 8, 205-208.
(monsoonal) subdivisions. This is done freezing, it is difficuit for the ground to become simplicity. For example, regions with only a slight 6ppen, W. 1931. Klimakarte der Erde, Grundriss
because, in these subdivisions, the dry season frozen (a characteristic of “polar tundra”). annual cycle in rainfall distribution do not have that Ko der Klimakunde, 2" Ed., Berlin and Leipzig.
is so short, and the total rainfall is so great, @) The frequent fog desert and grassland variation so specified in the classification. Similarly dppen, W. and Geiger, R., 1928. Kiimakarte der
that the ground remains sufficiently wet climates are re-named as high-humidity regions with only slightly different mean annual K& Erde, Gotha.
throughout the year to support rainforest. climates. They are also defined in terms of temperatures are sometimes classified as being of Gppen, W. and Geiger, R., 1930-39. Handbuch
] (3) The former dry group is now divided into two mean annual relative humidity, rather than in the same climate. The ciassification descriptions _der Kiimatologie, 5 Vols., Berlin.
o new groups, a desert group and a grassland terms of fog frequency. This is on account of need to be concise, for ease’of reference. As a Lohmann, U., Sausen, R., Bengtsson, L., Cubasch
G group. The new groups  correspond 1o the the dew-fall that resuits from the high humidity - result, the descriptions are not always complete U, Periwitz, J., and Roeckner, E., 1993. The
b former subdivisions of the dry group with the being a significant contributor to plant moisture For example, the word "hot" is used in reference to Koppen climate classification as a diagnostic
same name. This is done because of the in regions with such climates. They are also those deserts with the highest annual average tool for general circulation models. Max-Planck-
significant differences between desert and restricted to desert climates. This is on temperatures, even though winter nights, even in M Institut fiir Meteorologie, Report No. 92, 22pp.
grassland climates. account of the dew-fall in grassiand climates hot desert climates, can't realistically be described dllerM. J. 1982. Selected climatic data for a
(4) The new desert and grassland winter drought not being a significant moisture contributor (in as "hot". : gIc_:baI set of standard stations for vegetation
(summer drought) subdivisions now require the comparison with the total rain that falls in science. Dr. W. Junk Publishers The Hague,
additional criterion that there is more than 30 grassland climates). 4.2 Future Work Boston, London. 306 pp. '
mm in the wettest summer month (winter (10) Some equatorial and tropical subdivisions Thornthwaite, C. W. 1931. The climates of North
month) to be so classified. This is done (those equatorial and tropical climates with an - In the future, it is planned to prepare climate America according to a new classification.
autumn rainfall maximum, those with a high-  classification maps on a global scale, as well as on TreGe&’ﬁ' Rev., 21, 833-655.
a regional-Australian scale, and to experiment with :: ) cﬁhgieT-Ml%";zw/;_«I?”Ir;t‘;%duction to weather
- -Hill, 545 pp.

because drought conditions may be said to

prevail throughout the year in climates without sun dry season, and those with 2 hottest

at least a few relatively wet months. month prior to the summer solstice) are

(5) The former temperate group is divided into two considered to be minor and have therefore
peen absorbed into the other equatorial and

new groups, a temperate group and a
subtropical group. The new subtropical group tropical subdivisions.

finer grids and analysis schem i
er es
altitude into account. that directy take

FIGURE 1 Defini i
efining the climate groups and subdivisions (continued over subsequent two pages)

corresponds to that part of the former (11) Some subtropical and temperate subdivisions :
temperate group with a mean annual (those subtropical and temperate climates that ‘Where — min1, maxt, m1; rh1, min2, max2, rm2;
temperature of at least 18°C. The new are isothermal, those that have a hottest h2... 'etc. represent the mean mini ma, rww= max(rn6,rn7,8) - raw= min(rn6,m7,rn8)
temperate group corresponds to that part of month prior to the summer soistice, and those | temperature, maximum temperature, total |n|r'mf"n rwau= max(m3,md,m5) rwsp=max(m9,m10,n11)
the former temperate group remaining. This is with a Iate-springlearly-summer rainfall | and relative humidity of January Febr'uary r:;?; 2 ; I(defining the Precipitation criteria)
done because of the significant differences in maximum) are also considered to be minor T(definin : e S p1= ((rds)le30 and (rww *
the vegetation found in areas characterised by and have therefore been absorbed into other : g (m(in1 +ma§)l(:‘;/82T:nmr_lera‘ture elements) and not ((rws)ge(1(§*(rdv2,§;;?o and (rww)ge(3"(rds)))
the two new groups, and in order that there is subtropical and temperate subdivisions. ' = m1+tm2+ ... 4 122' (min2+max2)/2 ... etc. p2= ((rdw)le30 and (rws)gt30 and
continuity in the boundary between the hot and The above issues have been addressed in | tw=max(tm1.t m2 mtm)l 12 (rws)ge(10*(rdw))) and not ((rww)ge(3*(rds))
warm desert and grassitand climates where preparing the new climate classification, defined in S = min(tm? bl 112) p3= (ra)it(10*(ta)) p4= (ra)lt(10%((ta)+7))
they adjoin rainy climates. Figure 1 and illustrated in Figure 2. The data, upon B de’r il m12) _ p5= (ra)lt(10*((ta)+14)) p6= (ra)lt(20*(ta))
(6) For the temperate, subtropical, and cold- which the analysis in Figure 2 is based, are ining the Temperature criteria) p7= (ra)it(20%((ta)+7)) p8= (ra)it(20*((ta)+14))

_snowy-forest group, the distinctly dry winter »smoothed” to 8 25 km grid spacing using the = (tw t2= (ta)ge18  t3=(tw)ge18 p9= (rd)it60 p10 = (rd)lt(100-(ra/25))

" subdivision requires the additional criterion of Barnes analysis technique, as modified and = (tw)ge22 5= (tw)ge10 6= (tw)ge0 p11= not (((p2) and (p5)) or ((p1) and (p3)) or ((p4
no more than 30 mm in the driest winter month described by Jones and Weymouth (1997). This ,f(,(tm1)931 0)+ ... +((tm12)ge10))gt3) and not ((p1) or (p2))) or ((p2) and (p8) and not(p )
to be so classified. This is done in order that analysis is further wsmoothed” to eliminate regions - c)ge18 9= (tcjge-3 t10= (tc)ge -38 (p5)) or ((p1) and (p6) and not (p3)) or ((p7) and
there be consistency between the criteria for with fewer than six adjacent grids of the samle rw __¥(defining the Precipitation elements) (($;)or (p2) or (p4))) P not
the distinctly dry winter and the distinctly dry climate subdivision (unless this eliminates the only W= max(rn1,r2, 1 g p12= ((rws)ge(3*(rdw))) and ((r
summer subdivisions. region with such a climate). It may be said that this b max(rn11,rn12,rn21)) rrdds= r::rn((rrm;nrzn 1 2"'12) ((rWW)ge(3*(rds))() ) and ((rdw)ie30) and ot

smoothing is too great to allow depiction of some of - next ,colu;:\ ':11_)) p13= (rwau) gt max(rws, rww) and rwsp gt max(rws
ww) next '
page—>
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l(defining the Humidity element)
[h=(thi+ th2+ ... +rh12)/12
T(defining the Humidity criterion)

@= (h)gt70

T{generating the Desert climates)

de1= p4 and t2 and not(p1 or p2 or h1)=

hot (persistently dry)

de2= p1 and p3 and t2 and not(h1) =

hot (summer drought)

de3= p2 and p5 and t2 and not(h1) =

hot (winter drought)

de4= p4 and t3 and not(p1 or p2 ort2orht) =
warm (persistently dry)

de5= p1 and p3 and t3 and not(t2 or hi)=

warm (summer drought)

de6= p2 and p5 and t3 and not(t2 or h1) cont. >
warm (winter drought)

de7 = p4 and t5 and not(p1 or p2 or t3orht) =
cool (persistently dry)

de8 = p1 and p3 and t5 and not(t3 or h1) =

cool (summer drought)

de9 = p2 and p5 and t5 and not(t3 or h1) =

cool (winter drought)

de10 = ((p4 and not(p1 or p2)) or (p1 and p3) or (p2

d(generating the Subtropical climates)

st1= t2 and not(p1 or p2 or p7 or p12 or t8)
no dry season

st2=p12 and t2 and not(p1 or p2 or p7 or t8)
moderately dry winter

st3= p2 and t2 and not(p8 or 18)

distinctly dry winter

st4= p1 and t2 and not(p6 or 18)

distinctly dry summer .

J(generating the Tempéfate climates)

and p5)) and h1 = humid

J{generating the Grassland climates)

gri= p7 and t2 and not(p1 or p2 or p4) =

hot (persistently dry)

gr2=p1 and p6 and {2 and not(p3) =

hot (summer drought)

gr3= p2 and p8 and {2 and not(p5) =

hot (winter drought)

grd= p7 and t3 and not(p1 or p2 or p4 or t2) =
warm (persistently dry)

gr5= p1 and p6 and t3 and not(p3 or t2) =
warm (summer drought)

gré= p2 and p8 and t3 and not(p5 or t2) =
warm (winter drought)

gr7= p7 and t5 and not(p1 or p2 or p4 or t3) =
cool (persistently dry)

gr8= p1 and p6 and t5 and not(p3 or t3) = -
cool (summer drought)

gr9= p2 and p8 and t5 and not(p5 or t3) =
cool (winter drought)

T(generating the Equatorial climates)

eq1=p11 and t1 and 18 and not(p9) =

rainforest (persistently wet)

eq2= p9 and p11 and t1 and 18 and not(p10 or
p13)= rainforest (monsoonal)

€q3= p9 and p11 and p13 and t1 and t8 and
not(p10) = rainforest(double monsoonal)

eq4= p9 and p10 and p11 and t1 and t8 = savanna

T{generating the Tropical climates)

tri= p11 and t8 and not(p9 or t1) =

rainforest (persistently wet)

tr2= p9 and p11 and t8 and not(p10 or t1) =
rainforest (monsoonal)

tr3= p9 and p10 and p11 and 18 and not(t1) =

savanna next column—

te1= t4 and 19 and not(p1 or p2 or p7 or p12 ort2) =
no dry season (hot summer)

te2= p12 and t4 and t9 and not(p1 or p2 or p7 or t2)
= moderately dry winter (hot summer)

te3= t4 and 19 and not(p1 or p2 or p7 or pi2ort2) =
distinctly dry winter (hot summer) .
te4= p1 and t4 and t9 and not(p6 or t2) = distinctly
dry (and hot) summer

te5= t3 and t9 and not(p1 or p2 or p7orpi2ortd) =
no dry season (warm summer)

te6= p12 and t3 and 19 and not(p1 or p2 or p7 or
t4)= moderately dry winter (warm summer)

te7=t3 and 19 and not(p1 or p2 or p7 or p12ortd) =
distinctly dry winter (warm summer)

te8= p1 and t3 and t9 and not(p6 or t4) =

distinctly dry (and warm) summer

te9= t7 and 19 and not(p1 or p2 or p7 or pl2ortd) =
no dry season (mild summer) -

te10= p12 and t7 and t9 and not(p1 or p2 or p7 or
t3) = moderately dry winter (mild summer)

te11= t7 and t9 and not(p1 or p2 or p7 or p12 or t3)
= distinctly dry winter (mild summer)

te12=p1 and t7 and t9 and not(p6 or t3) = distinctly
dry (and mild) summer

te13= t5 and t9 and not(p1 or p2 or p7 or p12 or t7)
= no dry séason (cool summer)

te14= p12 and t5 and t9 and not(p1 or p2 or p7 or
t7) = moderately dry winter (cool summer)

te15= t5 and t9 and not(p1 or p2 or p7 or pt12 or t7)
= distinctly dry winter (cool summer)

te16=p1 and t5 and t9 and not(p6 or t7) = distinctly
dry (and cool) summer

co10=p12 and t7 and t10 and not(p1 or p2 or p7 or
13 or t9) = moderately dry winter (mild summer)
co11=17 and t10 and not(p1 or p2 or p7 or p12 or t3

or t9) = distinctly dry winter (mild summer)

c912= p1 and t7 and t10 and not(p6 or t3 or t9) =

distinctly dry (and mild) summer

co13=1t5 and t10 and not(p1 or p2 or p7 or p12 or t5

or t7 or t9) = no dry season (cool summer)

co14=p12 and t5 and £10 and not(p1 or p2 or p7 or

t7 or 19) = moderately dry winter (cool summer)
next column-»

co15=t5 and t10 and not(p1 or p2 or p7 or p12 or t7
or t9) = distinctly dry winter (cool summer)

cp16= p1 and t5 and t10 and not(p6 or t7 or t9) =
distinctly dry (and cool) summer

co17=1t5 and not (t10) = Cold: very severe winter

I(generating the Polar climates)

po1= 16 and {9 and not(t5) = maritime
po2= t6 and not(t5 or t9) =tundra
po3= not(t6) = perpetual frost

T{generating the Cold climates)

col1= t4 and t10 and not(p1 or p2 or p7 or pl2ort2
or t9) = no dry season (hot summer)
co2= p12 and t4 and t10 and not(p1 or p2 or p7 or
12 or t9) = moderately dry winter (hot summer)
co3= t4 and t10 and not(p1 or p2 or p7 or p12ort2
or 19) = distinctly dry winter (hot summer)
co4= p1 and t4 and t10 and not(p6 or t2 or i9) =
distinctly dry (and hot) summer
co5= t3 and 110 and not(p1 or p2 or p7 or pi12ort4
or t9) = no dry season (warm summer)
cob= p12 and t3 and 110 and not(p1 or p2 or p7 or
t4 or t9) = moderately dry winter (warm summer)
co7= 13 and t10 and not(p1 or p2 or p7 or pl12ort4
or t9) = distinctly dry winter (warm summer)
co8= p1 and t3 and t10 and not(p6 or t4 or t9) =
distinctly dry (and warm) summer
co9= t7 and t10 and not(p1 or p2 or p7 or p12ort3

"172 AMERICAN METEOROLOGICAL SOCIETY

or t9) = no dry season (mild summer) next page—

eq=equatorial 3=savanna.

tr=tropical 1=rainforest (persistently wet),
2=rainforest (monsoonal
3=savanna.

4=distinctly dry (and hot) summer,
5=no dry season (warm summer),
8=distinctly dry (and warm) summer, tel2
=no dry season (mild summer), Y
12=distinctly dry (and mild) summer,

T 13=no dry season (cool summer). e13
.‘,.;F'IGURE 2 Classification of Australian Climates e

de/gr=desert/grassland 1=hot (persistently dry),
2=hot (summer drought), det
3=hot (winter drought),

4=warm (persistently dry),

5=warm (summer drought),

6=warm (winter drought).

te=temperate 1=no dry season (hot summer),'::;

st=subtropical
1=(no dry season),
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2=(moderately dry winter),
3=(distinctly dry winter),



