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A case study of the variations in the upper ocean at
Ocean Weather Ship Mike (66° N, 2° E) in the
Norwegian Sea

I OHNNY A. JOHANNESSEN & HERMAN G. GADE
Geophysrca] Institute, University of Bergen, Bergen, Norway

Johannessen, J. A. & Gade, H. G. A case study of the variations in the upper ocean
at Ocean Weather Ship Mike (66°N, 2°E) in the Norweglan Sea. Geophysica
Norvegica, Vol. 32, No. 5, pp. 165-175, 1984,

This paper investigates how short period variations in the upper ocean structure relates
to meteorological changes. The one-dimensional, mixed layer model of Denman has
been tested since it requires only routine ocean weather ship observations and no .
current measurements as input. Agreement between observations. and model simu-
lations is obtained on a weekly time scale. Rapid fluctuations (daily) in the depth
and temperature of the mixed layer are observed but not successfully modelled. It is
suggested that these rapid fluctuations are associated.with frontal dynamics such as
formations of meanders and eddies.

J. A. Johannessen & H. G. Gade, Geophysical Instztute Umvers;ty of Bergen, N- 5014

Bergen, Norway

1. INTRODUCTION

Since 1948 regular oceanographic observa-
tions have been carried out at Qcean
Weather Ship (OWS) Mike (66°N, 2°E) in
the Norwegian Sea. During these years an
appreciable amount of data has been col-
lected. These data have formed studies of
the deep water and the Atlantic water in the
Norwegian Sea such as by Mosby (1959,
1979). Furthermore, studies of the seasonal
. variations in the upper layer at OWS Mike

from 1948-1958 have been carried out by -

Helland (1963), while Bgyum (1966) has
studied the annual variations in the energy
exchange across the air-sea interface over
the same period. Recently Gammelsrgd &
Holm (1983) have looked for possible influ-

ence of advection on the upper ocean struc- -

-~k

ture as opposed to atmospheric forcmg over
a period of nearly 30 years. :

Few studies, however, exist which empha-
size synoptic variations in the upper ocean
structure in this region. This paper briefly
describes the regional background in Sect.
2 and presents mean seasonal variations in
the upper ocean structure based on 9 years
of data from 1967 to 1975 in Sect. 3. The
development of the mixed layer depth and
temperature as derived from bathythermo-
grams is examined during the 17 day period
5-22 March 1967 in Sect. 4. This period was
selected because of frequent passages of
cyclonic storms in the region, and also
because the atmosphere gained heat from
the sea. The observed behaviour of mixed
layer is then simulated by using Denman’s
(1973) one-dimensional model in Sect. 5.
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This model only requires standard marine
meteorological parameters as input data.
The model prediction of the mixed layer
behaviour is compared with observed layer

depths and temperatures, and areas of dis-

crepancies are discussed in Sect. 6.

2. REGIONAL BACKGROUND

OWS Mike is located at 66°N, 2°E in the
Norwegian Sea. This is in the western bound-
ary region of the Norwegian Atlantic Cur-
rent (N.A.C:) (Fig. 1). Colder water of Arc-
tic origin is found to the west. The Atlantic
. water is confined to the upper 400 m at OWS
Mike. According to Mosby (1970}, the mean
speed of the N.A.C. at OWS Mike is
0.03m/s in a northward direction. Mosby
also estimated the average temperature gra-
dient in the Norwegian Sea to be 0.4° per
degree latitude. The temperature change to
be expected from advective effects would
therefore be about 0.10° C in 10 days.
However, both Szlen (1963) and Mosby

Okm : 100

(1970) revealed from drawings of depth con-

- tours of isothermal surfaces that eddy-like

features were occasionally present in ‘the
Atlantic current. Such features were first
detected in the Norwegian Sea by Helland-
Hansen & Nansen (1909) and given the name
‘puzzling waves’. The scale of these waves
appeared to be in the order of 50 km. Szlen
(1963) observed that they could be stationary
for several days or moving slowly or rapidly

"in a north easterly direction. Such eddy-like

features within the Atlantic current can be
associated with strong horizontal and vertical
temperature gradients that may contribute

 significantly to synoptic variations in the tem-

perature and depth of the mixed layer. This -
is further discussed in Sect. 6.

3. MEAN SEASONAL VARIATIONS

The mean seasonal variations in'the tem-
peratire of the upper ocean at selected
depths of 0, 50, 150,200 and 250 m as derived
from 9 years of hydrocast data from 1967 to
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Fig. 1. Average temperature section through OWS Mike (after Mosby 1970). .
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1975 are presented in Fig. 2a. Based on these
curves the active layer at OWS Mike is
determined to have a lower limit at 200 m.
Below this depth the annual temperature
“cycle is practically absent. The temperature
at this depth varies no more than 1.5°C
during the mean year, while the annual fluc-
tuation of the sea surface temperature
reaches nearly 6° C. The density variations
in this active layer are almost entirely deter-
mined by temperature variations. For a more
detailed discussion of the seasonal and
annual variations of temperature, salinity
and density in the upper layer (200 m), the
reader is referred to Helland (1963) and
Gammelsrgd & Holm (1983).

°C 12
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The seasonal variations of the heat flux
(qs) across the ocean-atmosphere interface
are presented in Fig. 2b. The heat flux (qs)
1s the balance of solar radiation, short-wave
reflection from the surface, long-wave radia-
tion from the sky, back radiation and transfer
of sensible and latent heat across the sea

surface. The period of summer heating,
when g; > 0, lasts from May to August with.

an associated rapid increase in sea surface
temperature. From the beginning of Septem-

-ber to February the surface temperature

decreases, corresponding to the seasonal
cooling when ¢, < 0.

During the ocean heating process the tem-
perature difference between the sea surface
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Fig. 2a. Mean seasonal temperature varjations with depth for the upper 250 m.
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Fig. 2b. Mean seasonal variations of the heat flux ¢, across the ocean atmosphere interface.

and the lower boundary of the active-layer
becomes so large that it staris to affect the
thermal conditions of the active layer (Kitai-
gorodskii 1973). The formation of the new
temperature gradient determined by this
temperature difference can at some depth
" lead to complete dampening of the vertical
transport of the wind-induced turbulent
energy (forced convection). The associated
mixing is thereby also dampened across this
gradient zone. The seasonal thermogline
formed at this depth separates the upper
turbulent mixed layer from the remaining
part of the active layer (Fig. 3). From the
beginning of the autumn the vertical mixing

is. determined not only by the influence of

the wind but also by convection due to heat
loss from the ocean surface (free convec-

tion). In this period of free and forced con-
vective mixing the summer thermocline
weakens, and around February/March the
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Fig. 3. Mean scasonal variations of the mixed layer
depth.
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- entire active layer becomes nearly isother-

mal. It is such an event of free and forced
convective mixing in the mixed layer that is
examined and modelled for the period 5-22
March 1967 in the next sections.

4. CASE STUDY: 5-22 MARCH

- During winter time there are frequent pas-
sages of low-pressure systems in the Nor-
wegian Sea. The monthly means of the wind
speed can reach 10my/s at this time of the
year, and it is therefore of interest to see
how short period variations in the upper
ocean structure relate to meteorological

changes. The data base for this study consists
of standard hourly marine meteorological .
observations, and somewhat less frequently -
sampled bathythermograph (BT) observa-
tions. Unfortunately, there are a few gaps
where BT data are niissing, The 17 day
pertod 5-22 March 1967 was selected due to -
frequent passages of low-pressure systems

in the region. In addition a net heat loss to_

the atmosphere from the sea surface
occurred during this period.

The hourly observations of cloud cover,
wind speed, air temperature (dry and wet)
and sga surface temperature from 5-22
March 1967 are presented in Fig. 4. The
mean wind speed during the 17 day period

i . i i n L 1 I

5 ] 7 B ] 10 ] 12

14 15 16 17 18 18 0 2 22

Fig. 4. Hourly meteorological observations of the cloud cover, the wind speed, the air temperature (dry and Wet)

and the sea surface temperature.’
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was about 10 m/s, but several storms with
wind speeds up to 20 m/s or more were pass-

ing the area. The air temperature appears -

to vary between 0° C to 8° C over a period
of 2 to 4 days. Similar variations are seen to
take place for the wet bulb temperature.
These variations are most likely associated
with the passages of the cyclonic storms. The
 mean air temperature was about 4° C with
a mean wet bulb temperature at about 1° C.
During this period the sea surface temper-
ature remained almost constant at 6° C. The

atmospheric temperature fluctuations there-

DEPTH
m

100 + A A
120 |
1450 LA .

fore appears to have negligible influence on
the variations of the sea surface temperature,
The air temperature was almost always less
than that of the sea surface, causing a loss
of sensible heat from-the sea, as well as loss
of latent heat.

The mixed layer depth (A) and temper-
ature (A) are shown in Figs 5a and b. The
mixed layer depth is here defined as the
depth h to which the BT-temperature is
0.3° C less than the sea surface temperature
for the same BT-cast. The temperature in
the mixed layer is then set equal to the sea
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Fig. 5a. Predicted depth of the mixed layer. The observed depth (A) are shown for ;:omparison.
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Fig. 5b. Predicted temperature of the mixed layer. The observed BT-température (A) are shown for comparison.
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surface temperature T,. The most apparent
feature in Fig. 5a is the rapid fluctuations of
the mixed  layer—sometimes as much as
100 m in less than one day. It is difficult to
recognize any dominant period in these vari-
ations due to the gaps of missing data. How-
ever, a period of 2-4 days appears to exist

in correspondence with the period of the

weather disturbances. The variations in the
mixed layer temperature are within 5° C to
6.6° C throughout the observations (Fig. 5b).
The dominant period agrees with that of the
mixed layer depth but appears out of phase.
A deep mixed layer is thereby much of the
time warmer than a shallow mixed layer.
This suggests that the changes in the struc-
ture of the mixed layer are associated with
‘horizontal displacement of the boundary of
the N.A.C. rather than an interplay of free
and forced convective mixing (see Fig. 1).
This is further discussed in Sect. 6. However,
the speculation is partly supported by the
results of the simulation of the mixed layer
structure presented below.

5. THE MODEL SIMULATION

Since the mixed layer at OWS Mike is
measured only by a few conventional BTs
a day and much less frequent bottle casts,
we are limited in testing models. There are
no direct current measurements. Denman’s
(1973) model can be applied since it requires
no current measurements and is responsive
- to changes on time scales of the order of one

de‘: 2 { _ (G — D)
dt pgh2

day. It is a one-dimensional time dependeht
model of the upper mixed layer of the ocean
driven by meteorological forcing. The model -
is sensitive to the rate of production of the
turbulent energy by the wind stress, and to
the rate of absorption with depth of the solar-
radiation. The available turbulent energy for
mixing is assumed to be independent of
depth. The temperature gradient at the b.ése
of the mixed layer has to be given. Only
simple parameters available from routine
meteorological measurements are. required
as input. For a full description of the model,
see Denman (1973). :

Later relevant works on one-dimensional
mixed layer models, reviewed by Garwood
(1979), are not taken into account, e.g. Els-
berry et -al. (1976) and Kim (1976), who
added depth-dependent dissipation terms
that helped to reduce unrealistic deepening,
and De Szoeke & Rhines (1976) and Yun
(1978), who added a term for the unsteadi- -
ness which became important in cases of
very rapid deepening. Three-dimensional
models, including horizontal and. vertical ~
advection of the mean fields such as
described by Adamec et al. (1981), have also
been omitted from our consideration. Such
models vield more realistic simulations of
the mixed layer structure in ocean areas
influenced by current systems.

The deepening regime described by the
dependent variables T;, the temperature of
the surface layer and h, the depth of the
mixed layer, are expressed by two equations.
These are - '

)

h R .
+—B+He+Hs){+—(h—y 1ty le™
” Cp( e S)} cp(h Yoy e
1 Ry™! _ } h _ :
—(G-D)+ —e My — — +Hs+R(1+e7"
2{0%((} D) 4 C, (1—e™) C{B+He Hs + R ( e_")}

8-
YT

P (5.2)

Po h(Ts - Th)
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where the empirically derived variables are
the surface heat fluxes of the back radiation
(B), latent heat (He), sensible heat (Hs), the
solar radiation (R) and the wind energy
available for turbulent mixing (G — D).
QOther variables are the density pg, the accel-
eration of gravity g, and the specific heat
capacity C,. The extinction length y™*

“taken from Jerlov (1968) to be 2.5 X 10_1 m.

The value of the coefficient of thermal

expansion is o =1.67-10"* C™! for sea .

water of 10° C and 35%.. For the ratio of the

. potential energy increase of the water col-

umn to the downward transfer rate of tur-
bulent energy by the wind stress, the value
m =.0.0012, which Denman & Miyake
(1973) found most suitable on the OWS Papa
data, is employed. The amount of wind
energy available for turbulent mixing is then
expressed as - .

G - D = py Comu® (5.3)

. BACK RADIATION
30 ‘ LATENT HEAT

SENSIBEL HEAT

where u is the near surface wind speed and -
Cp = 1.3 x 1073 is the drag coefficient.

The surface heat fluxes (latent and Ssen-
sible) together with the back radiation are
computed using empirical formulas (Malkus
1962 and Munn 1966) where the input data
are shown in Fig. 3. The fluxes are presented
in Fig. 6 along with the rate of solar radiation
and the wind energy available for turbulent
mixing derived by Eq. (5.3).

With these data given, Egs (5.1) and (5.2)
can be solved with regard to the mixed layer
depth and temperature by numerical tech-
niques. The vertical velocity w has been set
equal to zero and the time step used is 12

‘hours. The result is given in Figs 5a and b

(solid lines). During the period 5-22 March
1967 the predicted mixed layer depth (Fig.
Sa) increased smoothly from 130 m to 220 m
in correspondence to strong winds and
release of heat to the atmosphere from the
sea surface. Moreover, the entrainment of

w0 ' WIND ENERGY
30

20

0 mmml/\ﬂ Mmm/‘\w

e
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Jm s_ec
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Fig. 6. Computed hourly values of the surface heat ﬁuxes the wind cnergy and the solar radiation. -
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cold water into the mixed layer, as well as
the heat loss from the sea surface, reduced
the mixed layer temperature from about
6.6°C to 5.5°C. Only a weak tendency

towards more rapid increase ‘of the mixed

layer depth and decrease in the mlxed layer
temperature associated with the storm
events can be seen.

The model can also be used to study the

effect of wind mrxmg and free convection .

independently. One can assume heat balance
by neglecting the radratlve latent and sen-

sible heat transfer terms . through the

ocean-atmosphere interface. One can then

study the growth of the mixed layer depth °
and decrease in the temperature due to the
wind mixing. “The' result is seen in Figs'5a
~ and b (dashed lrnes) Since the w1nd-1nduced.'
turbulent energy avarlable for -mixing- 1s'_

independent of depth, as much as.60% of

© the increase in the mixed layer depth is "

~ accounted for by turbulent energy Under

the circumstances discussed here, w1th a
mixed layer depth of 100—200111 ‘such. an’
increase of 60%. due to the wrnd is probably ..
too high. The-associated 20% decrease in-
mixed layer temperature is probably over-'-
estimated due to. the same fact. However
the choice of temperature gradlent at- the

base of the mixed layer will also have influ-
ence on this estimate. Thus, the heat.loss at

the surface appears to dominate the tem-

perature decline in the mixed layer. This is
. in accordance with the present knowledge
of the winter cooling and convection in the
Atlantic Water of the Norwegian Sea.

6. DISCUSSION AND SUMMARY

‘The model simulation of the mixed layer
depth and temperature is in agreement with
~ the general trend in the BTs. This suggests
that the model is capable of predicting vari-

ations in the mixed layer on a weekly time

~scale. However, the rapid fluctuations of up-
- to 100 mof the. ‘mixed layer depth in less

than one day, every so often, are not pre-

dicted by. the model. In the following, some

possible causes of the drscrepancres between

“observations and simulation are discussed.

Over the wide. range of wind speeds
observed during this 17 day period, it is
probably not correct to keep m—the ratio

-of the potential energy increase to the down-

ward transfer of turbulent energy by the wind
stress—constant. For example, Turner

(1969) suggests that a consrderably Iarger
value of 'm (0.01) would be necessary 0.

account for the rapid storm-mduced deepen-
ing’ of the mixed layer. Other responses in
the- mrxed layer to passages of weather dis-
turbances cain ‘be generatlon of vertical
motiofn: ‘With a non-zero curl in the surface .

‘wind stress field, ‘Ekman transports are set

up in'the upper layer w1th large scale diver-

- gences-and convergentes. The compensating

vertical motion is likely to generate fluctua- -
tions ‘in" the, mixed layer temperature and
depth The combrned effect of a too small

‘m and neglect of vertrcal motion in the model
_thereby réduces .the applicability of the
~model to srmulate the true behaviour of the
“mixed layer durrng passages of storm events.

'However, the amplitude of these rapid fluc-
tuations of the mixed layer are probably too

large to be caused by these effects alone.

As speculated above, the most likely
causes of the drastic changes in the behaviour
of the mixed layer are horizontal displace-
ments of the boundary of the N.A.C. Such
displacements of the boundary of the N.A.C.

. may be wind-induced or due to instabilities.

This conjecture is indeed supported by the
infrared (IR) imagery of the southern part
of the Norwegian Sea obtained on 14 May
1980 (Fig. 7). As seen in the image, the
N.A.C. consists of eddies on different scales.
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Fig. 7. IR imagery of the N.A.C. in the southern part of the Norwegian Sea |
obtained by TIROS-N satellite. Resolution is 1Tkm. (The image was produced at

CML.)

These eddies cause entrainment of colder
water into the N.A.C. as well as dispersion
of: A.W. into the resident Norwegian Sea
water and the coastal water off Norway.

- The mean diameter of the eddies is in the «

-

order of the Rossby radius of deformation,
which is approximately 10 km in this region.
In addition, their propagation speed is lim-
ited by the maximum phase speed of Rossby

-waves, expressed by McWilliams & Flierl
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(1979) as

C=pL? (6.1)

where £ is the variation in the Coriolis par-
ameter with latitude, and L is the Rossby
radius of deformation. This speed is about
0.01m/s at this latitude, so the total speed
of the eddies will be about 0.04 m/s. The
travel time for an eddy to pass OWS Mike
is then approximately 2-3 days. This com-
pares well with the major period of fluctua-
tions seen in the BTs in Figs 5a and b. The
sharp boundaries’ association with these
warm and cold eddies may thereby very well
be responsible for the rapid changes in the
structure of the mixed layer.

The discussion above therefore suggests -

that an increase in m, the amount of tur-
bulent energy available for mixing, together
with incorporation of vertical and horizontal
advection in the model, may not be sufficient
to describe the rapid fluctuations in the depth
and temperature of the mixed layer. These
rapid fluctuations are better explained by an
alteration of water masses due to the dis-
placement of the western boundary of the
Atlantic current. Such displacement may be
due to frontal waves and eddies. The propa-
gation of these eddies appear to have time
scales which correspond to the penod of the
rapid fluctuations.
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Probability models in precipitation climate studies
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Fjortoft, R., Bjgrge, D. & Iden, K. A. Prability models in precipitation climate
studies. Geophysica Norvegica, Vol. 32, No. 5, pp. 177217, 1984,

In section 2 precipitation intensity is considered as a random variable with time as a
continuous parameter. Estimates of monthly averages of precipitation probability are

obtained for 280 stations.

In sections 3-7 a 3rd. order Markov model has been applied to sequences of dry and
wet days. Various schemes are applied to derive probabilities for (A) the number of
wet days in n successive days, (B} the duration of dry and wet runs, (C} that no more
than J successive dry (wet)} days occur in n days. ‘ , N

Sections 8-9 present a model for the distribution of precipitation sums in n days,

R. Fjorioft, Institute of Geophysics, University of Oslo, P.O. Box 1022, Blindern, Oslo

3, Norway.

INTRODUCTION

Users of information on the precipitation
climate of Norway have a need for estimates
of probabilities of a great variety of precip-
itation events, and/or related statistical
quantities. In this paper the primary goal has
been to show how probability theory may be
used to obtain these estimates, assuming that
a few basic probability models are given.
The various events which have been con-
sidered are restricted to such that charac-
terize the precipitation climate on isolated
stations, thus excluding events expressing
simultaneous precipitation conditions under
widely different conditions throughout the
country. In this case the general structures
of the models which should come into con-
sideration are fairly well known. Problems

~of a more difficult nature, however, arise

when the models have to be specified in
detail. The systematic search for optimal
models is not a subject for study in the pres-
ent paper. Accordingly, the specification of

models in this work may seem, and is in fact

-to some extent, arbitrary. However, in spite

of weaknesses in the models, they are con-
sidered good enough, for the interests of -
users, to compute model probabilities of
some interesting events for a selection of
stations. These results are tabulated in an
Annex. However, with respect to more
extensive results for these and other events
in this article, users are asked to make spe-
cific requests.

1. THE BASIC - PRECIPITATION RANDOM
VARIABLE '

-

Definitions ‘
@ = precipitation intensity as function of
time: t— w(t); t& [0, »); w € [0, )

" Sample space Q:

Q = {all possible w’s} :
P = probability function on a @)
probability field of subsets of Q.
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The first random variable defined on Q to
be considered is the precipitation intensity
for an arbitrarily given t, symbolized by X:

X = o(f) 2)

This random variable has t as a parameter
and takes values in [0 o), The distributions
of X,

F(x) =P(X =<x)

. have shapes as illustrated by the curve
marked F in Fig. 1. The jump atx = 0 equals
- the non-zero probability of dry weather.
Obviously

Q = {w|w=0at time t}
U {o| 0> 0 at time t}

With a change in notation for the two r.h.s.
disjoint subsets, this may be written more
shortly

Q = {X = 0} U {X >0} @)

Writing intersection of sets without the inter-
section symbol, we have '

{X=x}

—{X<x}£2

=X = 0}{X<x}U{X>0}{X<x}

— X =0({X =0 U{0<X<EHU
(X > 04X <x} |

N

].0

P(X=0)

X

~
P

0
Fig. 1. A schematic illustration of probability distri-

butions of precipitation intensity. F is the unconditional
distribution and F; is the one relative to the subset
A{X >0}

©)

F(x) =

E[X] = piE[X [X.> 0] |

— X = 0} U{X > O0{X <}

The corresponding relation between prob-
abilities becomes '

P(X <x) = P(X = 0) + P({X > O}X <x})
This relation may also be written
P(X<x)=PX=0)

+ P(X > 0)P(X <x|X >0) (5)

intfoducing the probability of {X < x} rela-
tive to the subspace {X > 0}. In terms of
functions of x, Eq. (5) may be written

po + PlFl(X) - (6)

having written pp for P(X=0), p, for
P(X>0), and Fi(x) for P(X=<x|X>0).
Obviously

pot+pi=1 _ ()
In view of this and because F(0) = po,
F(o)=1, we ' obtain F(0)=0 and

_ Fi(®) = 1 asillustrated in F1g 1 by the curve

marked Fi.
From eq. (6) we get a corresponding rela-
tion between expectations,

(8)

in which the r.h.s. expectation represents
the expected value of precipitation intensity,
not counting -the cases when the intensity is
zero. The fact that dry weather (zero pre-
cipitation intensity) has a non-zero proba-
bility is an essential feature of precipitation .
climate. As a consequence, the probability
of many events, like for instance precipita-
tion sums, will depend on the distribution
of the lengths of dry and wet periods, as well
as on the distribution of precipitation intens-
ities during wet periods. Also the probability
models become more complicated for the
same reason. - -



Definition of the indicator W

Ofor X =0
W:X—W(X) = { 9)
lforX >0
For W we have
E[W] = p, (10)

2. TIME EVOLUTION OF X. CONTINUOUS TIME
PARAMETER

Taking into account that X depends on time

t as a parameter, new random variables may .

be defined. We shall give three of them.

Definition

L= f W dt = length of precipitation
T .

time in a section T of time space

We shall restrict ourselves to a study of the
expectation E[L], for which we have

E[L] = E[ fT W dt]

=fE[W]dt=fp1dt (11)
T T

We have estimated E[L]/T for calendar
months, by the number of precipitation
observations relative to the total number of
observations at the main observing hours,
At stations with observations at 06, 12,
18 GMT only, the estimates will be biassed
during summer, when most land stations
have a significant daily variation in p;. How-
ever, this bias is small, as found already by
H. Mohn (1888). Clearly, E[L]/T may also
be looked upon as the monthly averages of
daily averages of p;, and therefore approx-
imately as estimates of the daily averages of
p: on mid-month days. The estimates are
- tabulated in Table 6 in the Annex.
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Deﬁnition
D; = time until a precipitation state

first comes to a stop

(12)

D, = time until a non-precipitation

state first comes to a stop.

Adopting a stationary Markov process for
the wet and dry states we have

= _dI/E[D] ’
P(Dy > dy) = e /HPx (13)

P(Dg > dy) = e %EIDJ

It also rollows that

P{W(t) = 1{W(t + At) =0})
= pop1(1 — e ~AVPeED:)

Putting here At=6 hrs., the joint prob-
ability on the Lh.s. has been estimated from
observations 6 hrs. apart. Using the tabu-
lated numbers for p; in Table 6, we may
solve the above equation with respect to- -
E[D;]. These numbers are tabulated in Table
7. Substituted in the first of eq. (13), we
obtain the distribution for D;. We shall also
note that when the Markov conditions above
are strictly fulfilled, D; may also be inter-
preted as the lengths of prec1p1tat10n “runs”,
i.e. the times from the last entrances into -
precipitating states to the first passages out
of them. However, it remains to show how
good an approximation the above Markov
model is. This will be postponed to a later
occasion, when continuous registrations of
precipitation intensity will be investigated
for the relatively few stations where series
of such obsegvations exist. Most likely the
estimates are too high for summer months
except for typical coastal stations. This is
because a majority of summer showers of
short duration are within the interval 1218
GMT. '
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Definition
R= ] X dt
T -

We shall use this to get estimates of E[X].
mm=fEmmt '
T

:meMX>mmmmM$
T . : .

Under almost stationary conditions, this may
be written

E[X{X > 0] = E[R]/E[L] (14)

Table 8 contains the estimated values of
E[X]|X > 0] having used estimated values of
E[R] for calendar months and the estimated
values of E[L]/T in Table 6 using identical
observation bases.

3. PRECIPITATION VARIABLES IN DISCRETE
.TIME '

The archives. of precipitation variables in
Norway are essentially of three kinds:

(A) Continuous registrations of accumu-
lated precipitations amounts for a few
stations

(B) Observations of precipitation conditions
at fixed hours for a relatively large num-
ber of stations

(C) Daily precipitation sums for astill higher -

number of stations (around 600)

Accordingly, for events connected with
sequences of dry and wet days, and precip-
_itation sums for an integer number of days,
one has to use observation category (C) in
order to obtain a satisfactory geographical
coverage. Also it is possible that this may be
a more rational way of studying events
defined for periods -of one day or more,
rather than basing the studies on observa-
tions of time scales much less than 24 hrs.

Following up what is said above, we con-
sider, in this and the following sections,.fime
space as a union of successive 24 hr. inter-
vals, which we agree to label with successive
integers n. Also we now redefine the random
variable X to mean:

Definition ,
(15

This random variable depends on the par-

X = precipitation sum in 24 hrs,

- ameter n. In analogy with the results of sec-

tion 1, we get:

Q={X=0U{X>0}

P(X=x)=P(X=0)+P(X>0)
x P(X <x|X >0),

~ or with a change in notation

F(x) = P(A) + P(B)FB(x)
E[X] = P(B)E[X|B] (16)

A model for FB(x) will be studied in section
8. :

Definition of W

. <) = Ofor X =0 17'
WJQ*W()*tﬁnX>0 a7)
We have
E[W] = P(B) (18)

4, MARKOV MODELS FOR STUDYING EVENTS
DEFINED FROM SEQUENCES OF DRY AND
WET DAYS

Let C denote either A or B on an arbitrary
day. An arbitrary sequence of A and B’s for
n successive days may then be written as the
intersections '

CGr...Ca={CCs...Cay}Ca

- The corresponding relations between prob-




abilities then becomes

P(C,C;...Cy) = P({CiCs...Cp_1)C)
=P(CC...Co)
X P(Cy|C1C;. .. Ca_y)
Here P(C,,_IC1C2. . Cacy) “formally .

expresses the probabilities of C= A or
C=B on the n-th day as depending on a
knowledge of the distribution of dry and wet
days on the previous n ~ 1 days: When no
such dependence exists, we have

P(C,. |CiCy. .. Cn_l) =P(C,) for any n

When there is a dependence on history, we
shall assume that it is of the following kind:

P(C,|CiC;. .. Cyoy)

= P(Ca|CatCais1 - - . Coiy) (19)

for fixed k and any value of n (Markov model
of order k). We note that

P(Aa|Cak- - . Caz1)

+ P(Bn|Cn_k e Cn—l) =1

Therefore, there are altogether 2* indepen-
dent transition probabilities on any day n.
In Table 1 we give estimates of P(A,) and
the particular transition probabilities
P(An|Ap-k...Apy) for k=1,2, 3 at a

station in SE-Norway. The estimates are -

_ based upon 82 years of observations.
In this paper orders higher than 3 will not
be considered, Eidsvik (1979), Bjgrgum
(1945), Bjergum & Fjordholm (1946). As a

Table 1
Transition probabilities P(Aq|Ap-k...Aq-1) for
sequences of dry and wet days as function of order k
of Markov chain at a station in south-eastern Norway.

Month Indep. k=1 k=2 k=3
Mazch 7400 .8334 8453 8588
August 5651 7114 7411 .7617
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general rule, the shorter the periods fr—om
which the events are defined, the better w111
the Markov model work.

5. 'I;I-IE NUMBER L OF PRECIPITATION DAYS
IN N SUCCESSIVE DAYS

This random variable may be written L =
. ,

2 W,. Hence
i=1

N N
E[L] = 2 E[W]] = 2, P(B) (20)
Under almost stationary condltlons this may

be written

~ NP(B) (21)
In order to -derive the distribution
f(1,N)=P(L=1),1=0,1,...,N, we shall -
adopt a 3rd order Markov model for
sequences of precipitation and non-precipi-
tation days. We have

Q = Ai_2A; 1A U A;,A;_B;

E[L]

U Ai2Bi_1A; U A ,B;_(B;
U B;_3A;1A; UB;_,A;_;B; -
U B;_.Bi_ (22)
and

Q= Ai U Bi

1A U B;_,B;_B;

(23)

the latter having been used already in section
3. ' ' -
A ccinsequence of (19) is -

P(Zn ICn) .-
- P(Zn I)P(C !Cn 3C —ZCn 1) (24)

if

y A (U(ECa.. . Cam)y)

x Cn—BCn—ZCn—l (25)

in other words, if Z,, _; is defined on the first
n — 1 outcomes, but such that the three last
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intervals have a given sequence, C,_3C,-»
C,._1, of outcomes.

Let Z represent an arbitrary non-empty
subset of L. Then

Z Ap-1AcBn+1 = Z Ay 2Aq1A0AL 1
UZBy-2A0-1A0A0 +1

Z An—lAan.+1 = 7 Ap-3An 1A Bn 41
UZBn-2A0-1ABn+1

Z An-1BrAs+1 = Z An2An_1ByAy
UZB;-2A0-1BrAq+1

Z Au_1BiBos1 =Z Ay -2A,-1B;Byy

U ZBa_3An_1BBa+ (26)

‘Z-Bn-lA'An+1 ZA,- 2Bn 1A An+1
UZBn 2Bn-1AnAn+g ' |
) ZBH 1A Bn+1 = ZAn 2Bn 1A Bn+1

U ZBn 2Ba—1ABn+1

ZBn IB An+1 ZAn ZBn IB An+1

U Z Bn—ZBn—IBnAn+1.

ZBy-1BuBa+1 = Z AyBi-1B:Ba

UZBy-2Ba-1BuBa+1

where, in consequence of (22) the union of
the eight left members equals Z.

That the sets above are identical is easily
recognized by using A,_, U B, = Q. The
probabilities of the events on the left sides
of eq. (26) are obtained by adding the prob-
abilities of the events on the right sides. Let
now as a special case Z = Z, ;1 = union of
all sample points with exactly 1 precipitation
days in the n + 1 first intervals. Then in the
r.h.s. members of eq. (26), Z; ,+; may be
replaced by Z; ; in the relations ending with
a non-precipitation day, and with Z;_y , in
the relations where an additional precipita-

1,2,...

tion day in the interval n +.1 adds to the
previous number | — 1 in the first n intervals.
We define fi(l, n), pxA(n), and pB(n) by -

£,(1, 1) = P(Z(L, 0)An—2An_1A,)

(1, 0) = PZ(, 0)Aa-2Aq-By)

PIA(M) = P(Aqr1|Ay-2A,-A))
PiB(n) = 1 - piA(n)

P2A(M) = P(An 1| An_sAn_iBy)
p:B(n) = 1 - psA(n)

Then, by applylng eq. (24) to the rlght mem-
bers of eq. (26) we get:

fl(l, n-+ 1) = PlA(H)f1(_1, I'l)_ )
t Ps A(n)fS (13 1’1)
£(,n + 1) =pB(n)f;(1 —1,n)

~ +psB(mfs(1 - 1,n) .
: 27)

' t:g(l, n+1)= p4B(n)f4(i —1,n)

+ peB(n)fz(1 - 1,n)

f(1, n) = kgi fi(l,n);1=0,1,...,n

Equations (27) represent an iteration scheme
from which (I, n) may be obtained for any
n, given the initial fields f,(0,0) and the
transition.  probabilities pA@i); 1=

N._ We have
f1(0, 0) = P(A_zﬁ_le)
fZ(O’ 0) = P(A_ZA_]-AG) (28)
£(0, 0) = P(B_;B_By)

Table 9 contains for N = 30 computed values

, 1 : _
of F(l,n) = 'Zo f(j, N) for selected values of
=




87

60 85 88 89 114 106 102

69 61

83..92 68 4k 29 22 21

16 38 83

18

21

23

1 for 33 stations. More extensive tables may
be obtained on request.

6. DURATION OF PRECIPITATION RUNS

Given that a precipitation run has started,
the probability that it will last at least d days
is given by

G(d) = P(DI = d)

= P(ABiB;. .. Bo)/P(AB,) (29)

-In our model, this. equation becomes:

G(d) = {P(Ay) * P(B1| Ao) - P(B,|A,By)
* P(B3] AgB:By) - P(B4|B;:B;Bs)
.. P(Ba|Ba-3Bg_Ba-1)}/P(AsB))
giving
G() =1
G(2) = P(B2| AcB)) (30)
G(3) = G(2)P(B3|A¢B;B,)

X d
6(d) = 6(3) L] P8, B, 3B, B, ;0 >3

Under almost stationary conditions this may
be written more simply as

G(1)=1 | |
G(2) = P(B|AB) (31)
G(d) = G(2)P(B|ABB)

X [P(B|BBB)]¢"%d =3

For non-precipitation run DO, the corre-
sponding equations arg, in the statlonary
case,

F(1)=1
F(2) = P(A|BA) (32)
F(d) = F(2)P(A|BAA)
X [P(AJAAA)]"" 3% d =3
where F(d) = P(D0 = d).

Probability models in precipitation climate studies 183

We note that S
P(di<D1<d)=G(d)-G(d)  (33)
P(d; < D0 < dy)'= F(d;) ~ F(d,) (34)

In order to exemplify the use of the above
formula, for two stafions, whose locations
may be found from List B, we have-com-
puted 100-F(Dy=d) for d=1 up to 15
days, as tabulated in Table 2.

7. THE EVENT Z,, THAT THE NUMBER OF SUC-
CESSIVE DRY DAYS IN n SUCCESSIVE DAYS
DOES NOT EXCEED J '

This is an event which may cause consider-

~ able harm to activities for which a minimum

number of successive dry days within periods
of given lengths is essential, For large values
of J, the complementary events Z, defined
by Z, U Z, = Q, represent outcomes of seri-
ous drought within periods of given lengths.

In the following we shall develop an iter-
ative scheme to derive P(Z,; J) for increasing
values of n. The probability of the comple-
mentary events, that at least J + 1 successive
days occur in a period of n days, is next
found from P(Z,; J) = 1 — P(Z,; J). We note
that P(Z,) = 1 when n < J, whereby n may
be taken as n=7J + 1. 7

Let i represent the number of days we
have to go back from day n in order to find
the first wet day. With Q® symbolizing the
corresponding events we find

QO =B,

Q(U:Bn_lAn -

35
QA = Bn-2An 1A, ' ( )

QO = By jAp-is1.. . Ay

Obviously
J »

Q= oy ( Q(a)
=0 i=T+1
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Table 2. Model probability estimates that the total lengths of unbroken periods of dry days are equal to or greater
than2,3,..., 15 days for stations 1252 and 5056 in List B in the Annex, respectively. Unit: 1/1()00__

2 3 4 5 6 7 8 9 10 11 12 13 14 15

J 68 47 37 29 23 18 14 11 9 7 > h 3 3
F |72 52 42 35 29 24 19 16 13 11 9 7 6 5
M |75 59 51 43 37 32 28 24 20 17 15 13 11 9
A |76 61 51 43 36 30 25 21 18 15 13 11 9 7
M {69 51 43 36 30 25 20 17 14 12 10 8 7 6
J 66 48 38 31 25 20 17 13 11 79 7.6 5 4
J 63 44 33 25 19 14 11 8 6 5 3 2 2
A §61 42 32 25 19 14 11 8 6 5 4 3 2 2
i | 63 747 37 29 22 17 14 11 8 6 5 4 3 2
o |66 46 37 29 23 18 14 11 9 7 6 4 3 3
N ; 66 45 36 29 23 18 15 12 9 7 6 5 4 3
D' 64 4y 35 27 21 16 13 10 8 6 5 & -z 2
J 57, 39 29 22 16 12 9 7 5 4 3 2 2 1
F |60 42 31 23 17 13 9 7 5 4 3 2 2 1
M. | 60 43 33 25 19 15 11 8 6 5 & 3 2 2
A 60 40 28 20 14 10 7 5 4 3 111
m |66 16 3 27 21 16 12 9 7 6 4 3 2 2
J 56 39 30 23 18 14 11 8 7 5 4 3 2 2
J |55 38 27 19 14 10 7 5 & 3 2 1 1 1
A 57 37 26 19 1u' 10 7 5 4 3 2 1 1 1
S 56 32 22 15 10 7 5 3 2 2 1 .1 0 0
o |55 36 26 16 11 7 5 3 2 1 1 1 0 0
N 54 35 24 16 11 7 5 3 2 2 1 1 0 O
D 157 38 27 19 13 9 7 5 3 2 2. 1 1 1




;K;,},V.,.-

Using Z,=Z,Q and denoting Z, Q(') by
Z9 we obtain

J

= L_)O Z9 U empty set, (36)

since Z, according to its definition is disjoint

-]

to Jul Q. Furthermore we see that

Zgoll = Z1('1{-))]3n+-1 U... U ZSJ)BH+1 ) 7

201 =24 Ay

The probability relations corresponding to

(37) and (36) become in a 3rd order Markov

model;

PO, = PO - P(B,,,|B,)
+ P - P(Bo11/Ba-1As)
+P@- P’(Bm!BﬁizAn._iAn) |

J

. +2P(I) P(Bn+1|An 2An 1An)

Pﬂll - pO) . P(A,,HIB[,) S (38)
P&y = PO - P(Ay+1[Ba-1A,)

Pl = PP - P(An+1|Ba-2An-1A,)
P.1 =P{™Y P(Anir]|An—2An—2A,);

i=4,5...3
; | | o
m=§wa - (39)

Eq. (38) represents an iteration scheme from
which the values of P{ for any n may be
obtained, knowing their initial values, and
given estimates of the transition probabilities
appearing in the equations. Since Z, is cer-
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tain when n < J, the initial n may be taken
to be J + 1, for which we have the initial set
of probabilities: -

Pi%1 = P(By+1)
Py = P{%; - P(Ay41|By) )
PR =Py - P(A;1|B)) (40)
P =P P(Arna[BrsAr)
Pfk1 = PP P(Ass1)As-2As 14y);
i= 4, 5...7

Statistics of the above kind may be obtained
on request for arbitrary values of J and n.
(within certain limits), for a number of sta-
tions. Below we include, by way of example,
a few results in Tables 3 and 4.

8. THE DISTRIBUTION OF PRECIPITATION

SUMS, R

R%,_lei ey
Decbmposing Qinto S : ‘
Q={L=0U{L=14}uU...UlL= n},
we obtain

=Q{Rsr}={L‘=0}.U{L=1}
Xx{R<rU...U{L=n}R <1}

Taking probabilities of these events, gives

{R=r}

-

P(R<r)=P(L=0)+ ]_21 P(L =1)
X PR<r1|L =
or in terms of functions of I and r

F(r;n) = £(0, n) + 1=§‘,1 f(l, n)F(f;n)  (42)

Since F(%;n)=1, F(0;n)=f(0,n) and



186 R: Fjgrioft; D. Bjgrge & K. A. Iden

-~

: Table 3
Model probability estimates that no more than J successive dry days occur in n days on Station 2780, List B.

October. Unit: 1/1000.

n F=1

2-10 455 353 277 . 217 170 133 104 82 64
11-20 50 39 31 24 19 - 15 i2 9 7 6
n I=2

3-10 582 ’ 5067 430 368 315 270 231 188
11-20 169 145 124 106 91 78 67 57 49 42
21-30 36 31 26 22 19 16 14 12 10 - 9
n o 1=3

4-10 o . 676 616 557 749?' 447 402 361
11-20 | 324 292 262 235 211 190 171 153 138 ' ‘12_47
21-30 111 100 90 81 72 65 59 53 47 a2
31-40- 38 34 3 28 25 22 20 18 16 15

126 f(1,n) =1 we obtain Fi(0;n)=0 and
Fi(; n) = 1. The point probabilities (1, n),
as demonstrated in section 5, may be found
from the 3rd-order Markov model described
earlier. With regard to the distributions F,
we now adopt the model = =

Fy(r; n) = Gam(T; o, Bl;n)

Jr/ﬁl’n Uatn
b !
1=1,2,...,n (43)
as an appr >ximation, This hypothesis is sup-
ported by observations for those values of
' . 1 and n where observation series are long
‘ "Table 4
Probability that at least J + 1 successive dry days occur
in n days. Station 2780, List B. Unit: 1/1000.

e”V dU;

June—July

March—April
n J=29 " n J=22
6,1 23 2,5
32,9 55 14,1

Ty

- where

enough to permit a significant testing of the
model. For large values of n it would, how-
ever, be impossible to estimate all 2n par-
ameters from available observation series.
In this case it is therefore essential that the
number of parameters, by further develop-
ment of the model, should be reduced drast-
ically. In what follows we shall describe how
this may be accomplished.

From the model representation of Fi(r; n)
we obtain

B 1a(a 1n+ 1).=E[R|L=]]
B fale 1n+ 1)=VAR[R|L=1]

(44)
(45)

Now, R is the sum X® + X@ + .., +XO
of 1 daily precipitation sums without any

ordering relative to the n different days. We
may therefore write

E[RIL =1] = IE[X|B, L =]]

VAR[RI|L =1] = VAR[X|B, L
| ~1-1+Q) @)

(46)
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49

1
Q=2 Z P(W 1, Wig=1L =)
(n —d)
'CQf[XiXi+d|Wi= 1, Wiiq
=1,L=1] | (48)

At first sight the estimation problem has now
become much worse, when using the r.h.s.
expressions in (46), (47). For, as we shall
soon see, E[X|B, L =1] and VAR[X|B,
L =1] have a real dependency on 1. This
alone gives 2n quantities to be estimated as
before. Furthermore, whereas the condi-
tional joint probability function, at least in
~ theory, is-determined from our model for
sequences of dry and wet days, we have in
addition got conditional correlations to be
estimated for d=1,2,..n—.1 for each 1 =
2,..n, i.e. altogether 2(n— 1)* correla-
tions. In the subparagraphs (A)~(C) below,
we shall show how a real reduction in the
numbers of quantities to be estimated may
be accomplished, without having to make
the model too unrealistic.

(A) Srranﬁea;ion of wet days'
We introduce 3 types of wet days, By, B;,
B3, as shown below:

. ABlA,ABzB orB BzAI, andBB3B (49)

- ‘We shall then find that the means and stan-
dard deviations of daily precipitation
amounts differ systematically for these 3
types. For station 2370 we find, for instance,

the following estimates in the month of
October

E[X|B;] = 5.87 mm;
E[X|B;] = 8.00 mm;
E[X|B3}] =11.94mm -
SD[X|B,]} = 6.97 mm;

(50)
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SD[X|B;] = 9.47 mm; .

SD[X|B;] = 12.00 mm -

The same ordering with respect to the mag-
nitudes of these quantities has been found
in all months at all 33 stations except one,
station 165. Assuming that the first and sec-
ond moments of X, given the By, are not
influenced by a further knowledge of the
numbers Ly of Bk we obtam

3

E[X|B,L=1] = 2 MkE[XIBk] (51)

W

- 2 M

E[X}B,L =1] = ME[X’B]  (52)
where the weight My is the expected value
of the number- Ly of wet days of type k
relative to the total number l of wet days in

the subset
M = E[LkIL = l]/l
= > I

L+h+h=1

XPLy=1, L=l Li=1)/1  (53)

The point probabilities of exactly I, wet days
of the first kind, .I; of the second, and 1; of
the third in n days may be found using an
iteration scheme of a type completely anal-
ogous to the one used in Section 5. The.

~corresponding expression for VAR[X|B,

L =1] is found from _
VAR[X|B,L =1] =E[X’B,L=1]
- “EXB,L=]]

after substituting from (51), (52):
_ s

VAR[XB,L =1] = 2 MiE[X*[B]

- (Z MiE[X[B])

(54)

~Using the estimates in (50), and the com-
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puted values of My for 1= 1,2, . . .30, with

n =30 found from a 3rd order Markov

model, we obtain the results in Table 5.
Obviously with increasing 1, the chances

“increase that there will be more wet days of

type 3 relative to the number of wet days of
type 2 and 1, and more wet days of type 2
relative to the number of wet days of type
1. This, taken together with the ordering

- relations in (50), in short explains the reasons

behind the result why E[X|B, L =1] and
SD[X|B, L = l] increase for i mcreasmg val-
ues of 1. :

(B) Simplification  of P(W =1, Wiy =
1|L =1) in Eq. (48)
The expression for Q in eq. (48) implies that

stationarity is assumed within our subsets.

The subscnpts i and i i+d mdlcate two dif-
ferent days plcked out at random. We now
assume, as an approximation, that the joint
probability in question is 1ndependent of d,
in which case

5 | N _
1 1-1 : b—— "(58)

P(Wi=1,Wi;q4=1|L= == —— (55) n(n —1)

: : S Then (47} assumes the form:

(C) Simplification of the correlation function _ -1

The correlation funetion appearing in (48) VARRIL = 1 VAR[X|B L=1] .

is next assumed to be independent of I: - x(1+11- 1)C) ' o (59)

| "  Table 5 ‘

in subsets of 1 wet days out of 30. Station 2370, List B.

cor[XiXi+d|Wi = 1, Wi+d = ]., L= 1]
= COI’{XiXHdIWi = 1, W{+d = 1] - '(56)

Although we do not see any obvious reason
why this function should depend strongly on

1, we do best in not considering (56) as an
exact relation. What is important in our con-
nection is the fact that (56) taken together
with (55) simplifies the estimation problem
drastically. By substituting frorn (55), (56)
into (48), we get

n—1

1(1—1) E(n—d)

| >,< COI[XiXi+d|Wij =1, Wiiq = 1] |
2. -

- n(n - 1) (57),

where the sum is now. just'a parameter C

mdependent of d and I: ' :

n—1

C= Z(n d)cor[XXl+dIW 1wl+d—1]

Model estimates of cxpectatlons and standard deviations of daily precipitation amounts on days of precipitation

October. Unit: 1/1000.

1 S ' " E[X|B,L=1] -

110 61 68 T2 75
1120 89 91 92 93
21-30 103 104 105 107

78 80 82 84 8 88
95 9% 97 9 100 101
109 110 112 114 116 119

| SD[X|B,L =1]

-0 73 . 8 8§ 9
1120 103 104 105 106
2136 112 - 113 114 . 115

93 95 97 99 100 102

‘107 108 109 110 111 111

116 117 117 119 119 121



For the unconditional variance of the pre-
cipitation sums of n days we have

VAR|R;n] = 2 fE R2|L =1
- (gl fE[R|L = 1])2
Zﬂ H(VAR[RIL =]

+BRIL=0) - (ZAERL=1) (@)

Therefore this variance depends linearly on

C. Instead of estimating C directly from the

expression in (58), which would be very dif-
ficult, we may therefore estimate C by taking
a value for it that will make the value of
VAR[R; n] as obtained from (60) equal to

its directly estimated value from obser-

vations.
In conclusion, in addition to the par-

ameters in the Markov model for sequences

of dry and wet days, we have to estimate the

_six parameters in (50) and the variance
VAR[R; n] to get estimates of E[R|L =1]
and VAR[R|L =1] from which the par-
ameters of the subset Gammadistributions
are obtained, using (44), (45).

9. REMARKS ON THE USE OF THE MODEL IN
SECTION 8

In estimating the parameters for the model -

of the previous section, observations have
been grouped in twelve groups, one for each
calendar month, and no attempt has been
made to distinguish between observations
belonging to the same group.

This implies that the climatological trends
within calendar months have been con-
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sidered as sufficiently small to justify con-
sidering conditions as quasi-stationary within
periods of the lengths of months. However,

+in order to eliminate as much as possible

influences from the trends, which, although
$mall, do exist, the résults obtained for the
probability distributions of precipitation
sums should be interpreted as valid for

+ periods centered around mid-month days.

Results for other periods may then be
obtained by interpolation.

The distribution function F(R: n) may
then be computed for calendar months for
values of n < length of calendar month, and
for selected values of R, as desired. In this
article we shall just reproduce F for. n = 30
and for- values of R given-by 100 - R/
E'[R] =2, 5, 10, 15, 25, 30, 50, 75, 100, 150,
200, 250, 300, and 400, where E'[l] is-an’
estimate of E[R; 30]. The numbers are tabu-
lated in Table 10 in the Annex.

In Fig. 2, points (F, R/E’[R]) for the above
values of R as found for station 3845 have
been plotted and connected with unbroken
lines. In the same figure crossmarks give a
selection of corresponding points as obtained
by frequency countings from 82 years of
observations.

The degree of correspondence between
model and observations for the main fre-
quency range, which one finds by visual
inspection of the above curves, is typical for
all 32 stations in List B. A closer inspection
shows that there is also satisfactory corre-
spondence for the extremely high values of
R, with no clearcut systematic difference,
when all 32 x 12 distributions are
considered.

However,_the model seems to underesti-
mate somewhat the risks of very dry events,
approximately R/E[R] =< 0.15, for a majority
of months and stations in Southern Norway,
whereas in Northern Norway this tendency
is less obvious. The  correction
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transformation .
. - R
F*=001-(1-¢ EIR]"’-”S)
+ 0.99 F(R/E[R
(R/E[R]) 61)
. R
R = 0.99

may be used to correct the tabulated values
for n = 30, as a preliminary measure, until
more is known about the reasons for the
mentioned discrepancy.
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sored by the Norwegian Research Council for Science
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“Atmospheric Circulation Types and Climate”.

Note added in-proof. According to observing practices
at Norwegian meteorological stations, the numbers in

‘Table 6 express the probabilities that precipitation is
falling within the time it takes to make the full st of

observations, approx. a quarter of an hour. As-com-
pared with instantaneous precipitation probabilitiés and
intensities, the numbers in Tables 6 and 8 will therefore
be somewhat too large and small, respectively, and the
numbers in Table 7 too large.
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Fig. 2. These diagrams represent examples of probability distributions of 30 day precipitation sums as percentages
of estimates of the corresponding expectances. Dotted points represent values computed from model, while
crosses are frequencies obtained by direct counting from observation series. The diagrams are drawn in order to
give a visual impression of the typical goodness of the model in the main frequency range.
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Instructions to Authors

GEOPHYSICA NORVEGICA

publishes papers in English. When preparing
manuscripts for submission, authors should consult
current copies of the journal and follow its style as
closely as possible,

MANUSCRIPTS

Manuscripts must be typewritten, double spaced
throughout, on one side of the paper, with a wide
margin. Authors should submit the ¢riginal manu-
script (preferably with one copy) to the editor, whose
address is shown on page 2 of the cover.

Separate sheets should be used for the following: 1)
title page, with the author’s name and institution, and,
if the title is longer than 40 letters and spaces, a short
title not exceeding this limit for use in the running
heads; 2) an abstract not exceeding 12 linés (910
letters and spaces) with the name and full postal
address underneath of the author to whom commu-
nications, proofs, and reprints are to be sent;
3} references; 4) Tables with their headings; 5) legends
to Figures.

Brief Acknowledgements of grants and other assist-
ance, if any, will be printed at the end of the text.

FIGURES, TABLES AND MATHEMATICAL
SYMBOLS

Allillustrations are to be considered as Figures. Each
graph, drawing, or photograph should be numbered
in sequence with arabic numerals, and should be
identified on the back by the name of the journal, the
author’s name, and the Figure number. The top
should be indicated. The Figures should be the
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