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1 Introduction

The North sea is a marginal sea of the North Atlantic Ocean surrounded by continental

Europe and the British Isles . Therefore , the climate of the North Sea is characterised by a
transition from oceanic to continental climate . The effects of increased pollution due to

many industrial activities in and around the North Sea have raised the interest in climato¬

logical data , thus creating the need for average fields of atmospheric and air-sea interac¬
tion parameters and their variability.

Several studies of the mean North Sea climate have already been published (e .g . H .J . Bul-

lig and P. Bintig , 1954; R . Hohn , 1971 ; C .G. Korevaar, 1990 ) , however , no comprehensive
monthly , homogeneous , high spatial resolution climatology is available for the North Sea

today . In most cases the spatial resolution is coarse , only selected months are shown and
the results have not been checked for consistency by numerical models.

Atlases of the North Atlantic Ocean climate have been published (e . g . J .M . Meserve,
1974; H . -J . Isemer and L . Hasse , 1985 ) , however, in these the North Sea is represented by
only a few gridpoints.

H .J . Bullig and P. Bintig ( 1954) and H. Markgraf and P. Bintig ( 1954) compiled meteoro¬
logical observations over the North Sea from the 34 year period between 1906 and 1939.
They provided monthly mean values of numerous atmospheric parameters on a 1 x 1

degree grid , partly including subjective contour lines.

R . Hohn ( 1971 ) presented an overview of the climate of the North Sea with the same spa¬
tial resolution for the main atmospheric parameters in terms of smoothed contour lines for
selected months.

As a response to the growing interest of the offshore industry , the Oilfield Publication Ltd.
(1985) published on their own a set of charts with strongly smoothed iso - lines describing
the surface conditions , e .g . pressure , air and water temperature , visibility , for the four sea¬
sons.

In a final summary of earlier reports C .G . Korevaar ( 1990) presented the first comprehen¬
sive publication on the North Sea climate , based on 20 years of observations ( 1961 - 1980)
with trend analyses of air temperature and a detailed wind analysis in selected regions.

Most of the countries bordering the North Sea produce sea handbooks for the North Sea

region with coarse descriptions of the climate (e .g . Hydrographer of the Navy, 1991 ; Serv¬
ice Hydrographique et Oceanographique de la Marine , 1993 ) . During the more recent

years the climatological descriptions in the sea handbooks of the Netherlands (Hydrogra¬
pher of the Royal Netherlands Navy, 1993 ) and Germany (Bundesamt fur Seeschifffahrt
und Hydrographie , 1990) were improved by incorporating updated results (e .g . C .G . Kor¬
evaar, 1990; and G .A . Becker et al . , 1986) .
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While numerous climatological investigations on certain parameters and selected regions
in the North Sea exist (see also Appendix 9 .2) , the present work differs in a number of

ways , for example , in spatial resolution and in the presentation of derived , calculated
quantities , such as energy budget components and surface momentum flux.

The incentive for the present atlas comes from the subproject Atmospheric Fields of the
interdisciplinary research project KUSTOS (Coastal material and energy fluxes - the tran¬
sition land-sea in the southeastern North Sea) , pursued at the Meteorological Institute of
the University of Hamburg , which served the other groups of the project with meteorolog¬
ical data of high resolution in time and space.

For this atlas we use meteorological observations from the Global Telecommunication
System (World Meteorological Organisation ) of the whole North Sea region from 1981 to
1990 . The observations were subjected to a numerical analysis procedure with intensive
data quality control (after H . Luthardt , 1985 ) in order to get consistent surface fields of air

pressure , wind , etc . on a 42 x 42 km2 grid over the North Sea . Additionally , energy budget

components have been derived for each month . For the decade 1981 to 1990 monthly and
annual mean values and variability (standard deviations ) have been calculated for each
measured parameter . These are presented in maps for every month of the year and as
annual mean fields (chapter 7) . For certain regions in the North Sea windroses are also
given for each month.

2 The Data Base

The data base for this North Sea Climatology consists of surface observations for north¬
western Europe from synoptic stations , ships , platforms and buoys . The reports are trans¬
mitted via GTS (Global Telecommunication System) . The data for this investigation were
made available by the Deutscher Wetterdienst , Geschaftsfeld Seeschiffahrt (earlier See-
wetteramt ) in Hamburg.

Air and sea surface temperature , surface pressure , dewpoint and wind are usually meas¬
ured continuously with the same type of instruments . If possible , wind is measured near
10 m over ground , dewpoint and air temperature values are taken at 10 m over sea or at 2
m over land . For some ships , platforms and for buoys , the measuring height differs and
lies between 20 and 30 m over the surface for ships and platforms and near to the surface
for buoys . Air pressure is reduced to mean sea level and sea surface temperature values are
typically measured in the upper -most mixed ocean layer (for details of measurements pro¬
cedures see C .G . Korevaar , 1990) .

Typically observations are distributed irregularly in time and space . This is especially true
for observations from ships , which are the major source of information over the North
Sea . Such observations vary greatly in space as well as in time . Also , the number of

reports is highly variable . Thus , in certain regions of the North Sea , only very few obser¬
vations are available (see Fig . 7 .0) . On the other hand , contrary to most oceanic areas , a
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considerable number of oil platforms report regularly surface meteorological data . The

present study is restricted to the observations for the period 1981 to 1990 which is too
short for any trend analysis and also may be too short for monthly means and their stand¬
ard variation . An updated climatology is planned when the next full decade of data
becomes available.

Using an analysis model of H . Luthardt ( 1987 ) , the irregularly distributed observations for
the North Sea region are used to calculate near surface fields for meteorological parame¬
ters on a regular grid over the North Sea . Land stations are only taken into account if
below 800 m above sea level because the model is not able to include the orography of
complex terrain.

The quality of the model results depends to a high degree on the quality of each reported
observation . The observations contain random as well as systematic errors but often also
grossly wrong measurements enter the reports (H. Luthardt , 1985 ) . For example , the posi¬
tion of the instruments on the ship might disturb the measurements for a certain heading,
as a chimney can disturb a wind measurement . Therefore , in order to minimize errors , it is
necessary that an extensive data check be applied to the original data before they are used
in the analysis model.

3 The Analysis Model

Luthardt ( 1987) developed an objective analysis model to calculate near surface fields of
meteorological parameters on a regular grid over the North Sea every three hours .For this
atlas the grid chosen covers the North Sea region from 15 °W to 10°E and 42 °N to 64° N
with a constant grid size of 42 km.

In the analysis model all reports have to pass a data quality check , then selected observa¬
tions are used by the analysis model to estimate the grid values as described by H.
Luthardt ( 1987 ) . The observations are interpolated to the gridpoints by a multivariate least
square fit using the physical relationships between observed quantities , e .g . the surface
pressure field and the surface wind.

In the estimation of a gridpoint , the analysis model takes into account only the observa¬
tions which have a small distance to the gridpoint , if there are enough observations around
the gridpoint . All neighbouring stations enter distance weighted.

The analysis model distinguishes between land and sea conditions . Observations originat¬
ing from ships , platforms or small islands are treated as “ sea“ stations and coastal or
inland stations are considered to be “ land“ stations . For the estimation of a grid value over
sea , observations from land stations are considered with a reduced weight , and vice versa.

The calculated gridpoint values are checked by the analysis model again . If the quality of
a gridpoint value is considered not good enough , the estimation will be repeated by
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enlarging the radius of the area allowed to contribute to a gridpoint . Finally the fields of
air temperature , wind components and air pressure are smoothed by a bicubic spline and
the sea surface temperatures are correlated with the values one day before . For a more
detailed description of the estimation procedure sea chapter 3 . 2.

3 .1 Quality check of the data

An extensive quality check of all observations is performed before the data are used in the

analysis model and error codes are assigned to the observed values (see Table 1 ) . The

reports are checked with respect to the following points:

values within given limits
The observed values of air temperature , wind direction and wind speed , dewpoint
and sea surface temperature should not exceed given limits . If given limits are
exceeded they are disregarded , see also Table 1.

consistency with observations of surrounding stations
The surface pressure check employs a least square technique , using the deviation
between the reported value and the estimated value (DIFFOE ) , the latter derived
from surrounding distance weighted observations (up to 300 km distance in a first or
350 km in a second pass ) .
A weight depending on the distance between reference station and observations is

applied for all parameters investigated for spatial consistency and this weight is dif¬
ferent for different parameters . Considering the variance of the actual observations,
an error code is assigned if DIFFOE exceeds three times the standard deviation . For
the wind (velocity and direction ) the observed values are compared with a weighted
mean (vector ) of surrounding wind observations of all stations within a 200 km dis¬

tance . The weight depends on distance and surface type . Air temperature and dew¬

point are checked by a weighted mean (depending on the distance ) of corresponding
observations at surrounding stations , using a search radius of 250 km . Sea surface

temperature reports are checked similar to the air temperature check but with an
increased search radius of up to 500 km due to the small number of reports available
in the data set.

time consistency of reports of an individual station
This check is applied to the pressure reports.
Standard observations usually include an information on pressure change within the

last three hours from which a correction for a certain analysis time is derived.

consistency of wind reports
The check is performed with the estimated geostrophic wind derived from pressure
observations of nearby stations.
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Table 1 : Error codes used in the quality check of the observation of air temperature (T) ,
dewpoint (Td) , sea surface temperature (SST) , wind direction (dd) , wind
velocity (ff) and air pressure (P) .

Data Quality

Parameter

T Td SST dd ff P

correct 0 0 0 0 0 0

inconsistent , but less than the dis¬
tance weighted standard deviation of
surrounding observations

1 1 1

inconsistent , but DIFFOE (see text)
within 3 -7 °C or 3 -7 hPa

2 2 2

dubious , only a few reports 3 3 3 3 3 3

dubious , but consistent with the
geostrophic wind

5 5

dubious , only one neighbouring
report , but consistent with the
geostrophic wind

6 6

spatially inconsistent 5 5 5

outside of given limits 8 8 8 8 8

no neighbouring stations 9 9 9 9 9

consistent in time , but spatially dubi¬
ous

2

consistent in space and time , but
error in pressure tendency report

3

consistent in time , but spatially dubi¬
ous , and error in tendency report

5

spatially consistent , no time consist¬
ency check possible

6

spatially consistent , but temporally
dubious

7

spatially and temporally dubious 9
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3 .2 Interpolation method

After passing the quality check the irregularly distributed observations are interpolated to
the regular grid . At the grid point the values are calculated by a least squares procedure
using the matrix notation after Martin ( 1971 ) in an order between zero and three (H.
Luthardt , 1987) .

The matrix calculation of air temperature , water vapour pressure and sea surface tempera¬
ture uses a zero (weighted arithmetic mean ) or first order approximation . A combined cal¬
culation of wind components (u and v) and air pressure uses a first or higher order

approximation.

The computation will be repeated in a second step also taking into account already esti¬
mated , neighbouring gridpoint values , if the first gridpoint value does not yield a sufficient
result.

The measured dewpoint is converted into water vapour pressure prior to the gridpoint esti¬
mation.

All observations are used within a certain search radius to estimate a single gridpoint
value . The search radius is first set to 200 km . If necessary , for example , if observations
are of insufficient quality , the search radius will be enlarged for the purpose of the matrix
calculation . In addition to the neighbouring observations , already estimated gridpoint val¬
ues are also considered using a weight dependent on distance and time shift.

A gridpoint value for air temperature , sea surface temperature and water vapour pressure
is only calculated if there are at least seven observations within the search radius with a
relative weight above 0 . 1 . The wind components and the air pressure need at least 10 such
observations.

Only stations of the same type are used in the estimation of air temperature , sea surface

temperature or water vapour pressure , provided there are enough observations of sur¬

rounding stations to do the calculation.

Furthermore , observations in the Baltic Sea area are excluded for the analysis of sea sur¬
face temperature , water vapour pressure and air temperature for a gridpoint in the North
Sea.

The quality of the calculated gridpoint value is checked in the model with the error for the
surface fit as well as with the weighted standard deviation (depending on the distance ) and
maximum deviation to the surrounding observed values . In case of the failure during the
first estimation the search radius will be enlarged in small increments of 50 km . If the
enhancement would be done in large increments structures of a region would be lost and a

strong smoothing effect would take place . On the other hand if the enlargement is done in
smaller steps , artificial structures can occur because only an increased number of already
calculated gridpoints would enter as a surrounding station.
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Empty gridpoints are filled in the analysis of air temperature , sea surface temperature and
water vapour pressure by the weighted arithmetic mean of the surrounding distance
weighted observations.

For wind and air pressure , a first order matrix estimation calculates missing values
because of the additional information taken from the relation between air pressure and
wind . If the estimation in the first run is of good quality , second or third order estimation
is attempted in the calculation of wind components (u and v) and air pressure fields.
An important parameter in the analysis model is the number of passes to estimate a grid-
point , because in each pass the number of already estimated gridpoints used in the matrix
calculation increases . For our computations the maximum number of passes is set to ten.
The search radius starts with 200 km and is enhanced by increments of 50 km.

Additionally the estimated sea surface temperature value is correlated to and , if necessary,
corrected by the value on the day before . The calculated water vapour pressure , air tem¬
perature , wind and surface pressure fields are finally smoothed with a bicubic spline , giv¬
ing fields of air temperature , water vapour pressure , wind components (u and v) and air
pressure every three hours and for sea surface temperature every 24 hours . They are the
basis for the climatological means and standard deviations discussed in the following
chapters.

The quality of the interpolation depends very much on the density of observations and , of
course , on their accuracy.

4 Construction of the Maps

Monthly mean fields and their standard deviation are computed from the three -hourly , or
in the case of the sea surface temperature , daily values at every gridpoint for all months.
Subsequently ten year monthly and annual mean fields and their standard deviations are
calculated at every gridpoint . These mean fields represent the climatological maps.

For certain parameters only five maps are presented , i .e . the maps for the respective cen¬
tral month of each season (January , April , July and October ) and for the year in order to
reduce the number of maps.

4 .1 Measured parameters

Air pressure at sea level, near surface air temperature , bulk sea surface temperature , the
wind vector and near surface relative humidity are displayed as important climate varia¬
bles as monthly and annual mean fields over the 10-year period from 1981 to 1990 in
chapter 7 together with their standard deviations.

The frequency of occurrence of certain wind directions and wind speeds is presented for 8
selected gridpoints in windroses and tables.



The gridpoint coordinates for the windroses are:

1 . west of Norway at Bergenbank (60 .29 °N 2 . 71 °E)
2 . north of Scotland at Papabank (59 . 91 °N 3 .29°W)
3 . north of Denmark in the Skagerrak (57 . 64° N 8 . 53 °E)
4 . north of Grosse Fischerbank (central North Sea) (57 . 27 °N 2 .90°E)
5 . west of Grosse Fischerbank (central North Sea) (56 . 51 ° N 1 . 85 °W)
6 . south of Doggerbank at Outer Well Bank (54 .24°N 2 . 41 °E)
7 . in the German Bight (54 .24°N 7 .59°E)
8 . eastern part of the English Channel (51,60 °N 1 . 96°E) .

The wind direction is divided into eight 45 ° classes . The identification number of the loca¬
tion is written into the centre of the windrose . The radii of the orange sectors represent the
mean wind velocity for each of the eight main wind directions on the windrose in steps of
4 m/s with a maximum of 12 m/s . The radii of the blue areas represent the relative fre¬

quency of each wind direction class in steps of 15 % with a maximum of 30 % .

4 .2 Derived parameters

The analysed gridpoint values of air temperature , air pressure , wind components (u and v)
and relative humidity over sea as well as sea surface temperature are used to compute ver¬
tical turbulent fluxes of momentum , latent and sensible heat.

To calculate these fluxes the Monin -Obukhov similarity theory after Dyer ( 1974) has been
used:

p w ' u ' = - p u * vertical turbulent flux of momentum

p c
p

w ' © ' = - p cp u » 0 » vertical turbulent flux of sensible heat

p lv w ' q1 = - p l v u * q* vertical turbulent flux of latent heat

where p is air density , cp
is specific heat of air at constant pressure ( 1006 J/kgK) and lv

is latent heat of evaporation ( 2 . 5008 106J/kg) .

The parameters with index * are calculated as follows:

u * = k v / ln ( z/ z om ) - Tf
m ,

where v is the wind speed at 10 m height , k is the von Karman constant , is the stability
function and zom is the roughness length for the momentum flux.
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(The stability function Wm describes the influence of thermal stratification of the atmos¬
phere , the roughness length zom is a measure of the surface roughness elements .)

6 * = K ( 0 - 0 s ) /ln ( z/z os ) - Wh ,

where 0
S

and 0 are the potential temperatures of the sea surface and the air in 10 m height,
is the stability function for sensible heat and zos the roughness length for sensible heat.

0 * = K( q - q s ) /ln ( z/z ol ) - ¥ L

where qs and q are the specific humidities at the surface and in 10 m height , VPL is the sta¬
bility function and zoi the roughness length for latent heat.

The stability functions are defined as follows:

If z/L (the Monin -Obukhov length scale ) < 0 (unstable)

¥ m = 2In [ ( 1 + x ) /2 ] + In [ ( 1 + x2
) /2 ] - 2tan ~ ' x + tc/2

y h = 21n [ ( l + x2
)/2]

with x = ( 1 - 16 z/L) .

If z/L = 0 (indifferent stratification)

- ° -

If z/L > 0 (stable)

= - z/L

The roughness lengths are different for momentum , latent and sensible heat flux. They are
(Brutsaert , 1976, and Wu , 1986)

zom = MAX ( MIN ( 7 . E - 5 , MAX ( 1 .5E - 5,0 . 032 u
2 / g ),0 . 0185u * /g ) )

zos = MAX( z om / ( exp ( K ( 7 . 3Rel / 4Pr 1/2 - 5 ) ) ) ,z om / 442413)

zol = MAX ( zom / ( exp ( K( 7 .3Re! / 4Sc 1/2 - 5 ) ) ) ,z om / 442413 ) ,

where Re * is the roughness Reynolds number = u* zom/v , v is the viscosity of the air =

8 .788 10'3 (((0 . 5/10000 ) (0 S + ©)) 18) (von Salzen , 1994) , Pr is the Prandtl number (=

0 .71 ) , g is the earth ‘ s gravity (= 9 . 81 m/s2) , and Sc = 0 . 6 is the Schmidt number.
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Mean fields of relative vorticity, and the divergence of the horizontal wind field, div v,
are derived at each grid point (x,y) from the wind field (u and v) for each time step using

div v = Au/Ax + Av/Ay
= Au/Ax - Av/Ay .

The maps presented for the derived parameters show mean values for only one month per
season (January , April , July and October ) and for the yearly mean . The sign of the fluxes
is positive for the upward direction.

5 North Sea Climate from 1981 to 1990

5 .1 Air pressure

In general , the air pressure at sea level is higher in the southern part of the North Sea (Fig.
7 . 1 . 1 - 7 . 1 . 13 ) . This general pattern is modified during the year depending on the varying
location of the low pressure near Iceland and the high pressure near the Azores and the

alternating high and low pressure over Asia . The largest south -north pressure gradients are
found in winter , particularly in January (Fig . 7 . 1 . 1 ) . Mean air pressure is rather constant
over the whole North Sea from April to June (Fig . 7 . 1 . 4 - 7 . 1 . 6) .

The air pressure variations show that the North Sea lies in a transition zone between mari¬
time and continental climate , since there is no significant maximum in summer , as over

purely maritime areas in the middle latitudes , or a maximum in winter , as over purely con¬
tinental areas .The annual cycle of air pressure is in good agreement with values given by
R . Hohn ( 1971 ) and BSH ( 1994) . The decade 1981 - 1990 is distinguished by somewhat

larger gradients of the mean air pressure during winter ( in accordance with the high North
Atlantic Oscillation index for the period ) and rather low gradients for April and May.

The standard deviation of the monthly mean air pressure (Fig . 7 .2 . 1 - 7 . 2 . 5 ) amounts to
about 9 hPa in January , to 5 hPa in April and October and a minimum of 3 .5 hPa in July.
The large values of the standard deviation during January and February are caused by the

rapid passage of many depressions , especially over the northern North Sea.

5 .2 Air temperature and sea surface temperature

Korevaar ( 1990) found that the near surface temperature over the North Sea is on average
higher than over other ocean areas at the same latitude , because the North Sea is influ¬
enced differently by maritime and continental air masses during the year.

The orientation of the iso- lines of mean air temperature from north to south from Decem¬
ber to March (Fig . 7 . 3 . 1 - 7 . 3 . 13) confirms the strong maritime influence . The air over the
western North Sea is warmed from below by the warm North Atlantic current flowing into
the North Sea through the English Channel and between Scotland and the Shetland
Islands , as well as by the predominant westerly winds from the Atlantic (Fig . 7 .3 . 1 -7 .3 .3,
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7 . 3 . 10 -7 . 3 . 12) . Cold continental air outbreaks in winter lower air temperature over the
eastern North Sea . As a consequence , the minimum mean monthly air temperature ( 1 . 5° C)
occurs in February over the German Bight , while in the west temperatures of 5 . 5 °C are
observed during the same month . In summertime the strong heating of the continental
mass south of the North Sea leads to maximum mean air temperatures over the southern
North Sea ; in August over the German Bight temperatures reach 16 . 5 °C and even more
than 17 . 0°C over the English Channel , whereas air temperature over the northern North
Sea does not surmount 12 . 5 °C.

The difference between the lowest (in February ) and highest (in August) air temperature is
largest near to the continent over the German Bight with 15 °C ( 1 . 5 ° to 16 . 5° C ) and drops
to 7 . 5 ° C (5 . 0° to 12 . 5 ° C) in the northern North Sea.

During autumn and winter time and into spring the air over the North Sea is warmer than
over the continent and only from May until July it is colder . In particular along the coast
of southern Norway and Denmark a strong decrease of air temperature from sea to land is
observed during the wintertime.

The winter minima and summer maxima of the mean air temperature correspond well
with those of the period from 1961 to 1980 (Korevaar, 1990) . However , during the period
from 1981 to 1990 heating of the air over the southern North Sea by advection from the
continent was stronger during May , and less in August.

The standard deviation of air temperature (Fig . 7 . 4 . 1 -7 . 4 . 13 ) shows that the air under
stronger maritime influence varies less than the one under more continental influence , par-
ticulary during winter . Especially in summer the standard deviation remains below 1

° C
over the entire North Sea and the inflow area between Scotland and the Shetlands shows a
remarkably low value of 0 .4°C.

The mean bulk sea surface temperature (SST) is also strongly influenced by the continent
(Fig . 7 . 5 . 1 -7 . 5 . 13 ) . The lowest sea surface temperatures are found during the winter in the
southeastern North Sea , where also the highest sea surface temperatures are measured
during summer . Therefore , the gradient of sea surface temperature from southeast to
northwest , changes sign in spring (April/May ) and in late autumn (November/December ) .

For the whole region of the North Sea , the lowest sea surface temperatures are observed
during February and March , and the highest ones in August , i .e . one month later than the
minima and maxima of the continental surface air temperature , due to the higher heat
capacity of water. During the winter months (November to March ) the inflow of the warm
North Atlantic water through the English Channel is shown in the maps (Fig . 7 . 5 . 1 -7 . 5 .3,
7 . 5 . 10-7 . 5 . 12) as a warm tongue . The annual amplitude of SST, and of air temperature , is
smaller in the north and the middle than in the southern North Sea , a consequence of the
strong maritime influence in the north (Fig . 7 . 19 . 1 -7 . 19 . 4) .

This objective analysis of SST differs from the analysis of Becker and Wegner ( 1993 ) in
two points . Firstly , the present analysis does not show significantly the warm North Atlan-
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tic water inflow around northern Scotland . Please note that relatively few observations
exist in the northwestern North Sea (Fig . 7 .0) . Secondly , the shape of the iso - lines along
the coast is less detailed . Both studies use the same observation data set , however , Becker
and Wegner added their experience to the data set . In other regions of the North Sea both
analyses agree very well.

The standard deviation of SST (Fig . 7 .6 . 1 -7 . 6 . 5 ) is larger in regions under strong conti¬
nental influence , e . g . during winter and spring in the southeastern North Sea but it stays
mostly below 1 ° C in the central North Sea . It is as low as 0 . 5 ° C in the major part in Octo¬
ber and drops to 0 . 3 °C in the northern part in summer and autumn and for the yearly mean
deviation.

The temperature difference between air and sea determines the atmospheric stability.
Unstable conditions , for example , when the water is warmer than the air and the air-water
temperature difference is negative , predominate in the North Sea region except for late
spring and summer (Fig . 7 . 7 . 1 -7 . 7 . 13 ) . From August to March the temperature differences
are negative for the whole North Sea . Water and air have nearly the same temperature dur¬
ing March and April . During June and July, over the shallow water of the German Bight,
the mean temperature difference is negative , while in the other regions stable conditions
(positive temperature differences ) prevail . Stable conditions are only observed for the
whole North Sea region in May (see also Fig . 7 . 19 . 1 -7 . 19 . 4) . The maximum absolute dif¬
ferences are reached in December and January , with very unstable conditions along the
coast of Norway (~- 3° C) due to the cold air flux from the continent . From September to
February the regional absolute minima confirm the strong maritime influence on the west¬
ern and middle North Sea.
For selected regions , BSH ( 1994) and Korevaar ( 1990 ) found mean positive temperature
differences from April to July . This shows that in previous decades stable conditions
started to dominate one month earlier than during the decade 1981 - 1990. For the other
months the present mean temperature differences correspond well with those in the earlier
analyses.

5 .3 Relative humidity

The mean relative humidity calculated from the dew point records is presented in Fig.
7 . 8 . 1 -7 . 8 . 5 . Additionally , in the digital data set the estimated vapour pressure is provided.

The relative humidity over the North Sea follows mostly a small maritime annual varia¬
tion from slightly below 80% to slightly above 80 % , with high values in spring and sum¬
mer and lowest values in winter . This is well recognizable over the middle North Sea (Fig.
7 . 19 .2) . The stronger maritime influence in the western North Sea leads to higher humidi¬
ties during the summer there.

During winter mean relative humidity is lower over the whole North Sea than over land.
During spring and summer it is lower over land . In general , the mean monthly relative
humidity is higher over the North Sea as compared to other ocean areas at the same lati¬
tude . Fog , that is 100% relative humidity , can occur at any day.
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The relative humidities have been compared with those published by BSH (1994) for the
period 1951 to 1980. In the BSH data the maritime influence on the southern North Sea
seems to be stronger (+ 2%) during springtime . During the other months , both studies cor¬
respond well in patterns and values.

5 .4 Surface wind

The monthly mean near surface wind fields presented distinguish between the resultant
wind (Fig . 7 .9 . 1 -7 .9 . 13) and the scalar wind (Fig . 7 . 10 . 1 -7 . 10 . 13) . The mean resultant
wind is calculated from the monthly means of the wind components and is presented in
combined pictures of arrows for direction and iso- lines for the absolute value . The mean
scalar wind speed is calculated by averaging the wind velocity irrespective of direction.
The steadiness of the wind is the ratio of the absolute value of the resultant wind to the
scalar wind speed (Fig . 7 . 11 . 1 -7 . 11 . 5) . A steadiness of 100 % would be reached if the
wind would always have the same direction.

In general , the mean wind speeds over the North Sea (Fig . 7 . 10 . 1 -7 . 10 . 13 ) are higher than
over land , due to the lower friction of the ocean surface . The wind fields show a strong
annual variation . From September to March the prevailing wind direction is southwest to
west and the highest mean wind velocities are observed (Fig . 7 . 9 . 1 -7 . 9 . 13 ) in accordance
with the steeper gradients of the pressure field (Fig . 7 . 1 . 1 -7 . 1 . 13 ) . In January , a regional
maximum of the scalar wind speed (Fig . 7 . 10 . 1 ) exists over the northern North Sea , at the
location of the highest storm frequency (Fig . 7 . 12 . 1 -7 . 12 . 6) . The windroses point out
strong winds from southwest . Storms (> 17 . 5 m/s) occur from September to March over
the whole North Sea , in the south less frequent than in the north . December to February
are the stormiest months . Previous decades differ from the decade 1981 - 1990 with
November being the stormiest month (BSH , 1994; Korevaar, 1990) .

In April , the mean wind directions change to north over the northern part of the North Sea
and to west over the southern part . The mean wind velocities decrease and remain low
during summer until August . Correspondingly , the pressure fields (Fig . 7 . 1 . 1 -7 . 1 . 13) have
small gradients . During June , northwesterly winds with low speed (Fig . 7 . 13 .6) prevail
over the eastern North Sea . From July to August westerly winds are dominant and the
highest frequency of weak winds (< 4 .5 m/s) is observed (Fig . 7 . 13 . 1 -7 . 13 . 12) . In agree¬
ment with BSH ( 1994) , weak winds are observed more over the southern North Sea and
along the English coast . During the year , weak winds are more frequent than stormy ones.

The interpretation of the mean wind fields presented must be done carefully . For example,
in May the mean resultant wind field (Fig . 7 .9 .5) indicates very weak southwesterly winds
for the entire North Sea , except in a distinct area of low resultant winds with varying
directions over the southern North Sea . However, the windroses (Fig . 7 . 20 .5) show that
over the northern part of the North Sea northerly and northeasterly winds blow with about
the same speed as the southwesterly winds . All windroses demonstrate that in every
month winds from all directions occur.
Previous studies (BSH , 1994; Korevaar , 1990; Hohn , 1971 ) point out that the steadiness of
the wind does not have a systematic annual variation . During the period of 1981 - 1990 as
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well as during the period 1950 - 1986 (BSH , 1994) , from June to August , the steadiness
seems to be very high (for this study > 50% ) over the eastern North Sea and to be lowest
along the English coast . In contrast , the April and May wind direction varies so strongly,
that steadiness drops below < 10% , in accordance with the small mean air pressure gradi¬
ents.

5 .5 Turbulent momentum flux

The Figures 7 . 14 . 1 -7 . 14 . 5 display the mean vertical turbulent momentum flux for one
month from the four seasons and the annual mean , whereby negative values indicate a
flow into the ocean . The patterns of turbulent momentum flux reflect the viscosity of the
atmospheric flow but predominantly the friction by the surface.

In general , a reduction of the magnitude of turbulent momentum flux from the central
North Sea towards the coast is obvious , caused by higher wind speeds in the central North
Sea . The mean turbulent momentum flux distribution also shows a clear annual cycle with
high absolute values from October to March , a maximum in January of about 0 . 3 kg nr 1 s'2 ,
and low absolute values from April to August often below 0 . 1 kg m' 1 s"2

. This can be eas¬
ily observed also in Figs . 7 . 19 . 1 -7 . 19 . 4 for four selected areas of the North Sea.

During winter the comparably weak relative gradient towards the coast results from
stronger friction over land together with the high wind velocities (Fig . 7 . 10 . 1 -7 . 10 . 13 ) .
The absolute maximum over the northern North Sea is a response to the high wind speeds
there . In this area most storms are observed in winter (Fig . 7 . 12 . 1 -7 . 12 . 6) .

Olbriick et al . ( 1984) presented the first distributions of turbulent fluxes over the whole
North Sea in form of seasonal averages . Their annual variation of the mean turbulent
momentum flux corresponds well with the values in this study.

5 .6 Sensible and latent turbulent heat flux

For the central month of each season mean sensible and latent turbulent heat flux fields are
given in Figures 7 . 15 . 1 -7 . 15 . 5 and 7 . 16 . 1 -7 . 16 . 5 . Positive values indicate a flux into the
atmosphere.

During the winter half year , the heat loss of the North Sea via sensible heat flux is particu¬
larly large in areas where the sea surface is much warmer than the air (see also Fig . 7 . 7 . 1-
7 . 7 . 13 ) . Thus in the northern and southern North Sea , regional maxima of sensible turbu¬
lent heat flux appear , reflecting the warm North Atlantic water influence and the large sea-
air temperature difference in the German Bight in October.

During spring and summer the mean sensible heat fluxes become small or even reverse
sign and also the regional variations are small . A mean heat input into the North Sea can
be found in July over the western part of the North Sea , where the temperature differences
between air and sea surface are positive (Fig . 7 .7 . 1 -7 .7 . 13 ) and wind speed is small (Fig.
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7 . 10 . 1 -7 . 10 . 13 ) . For May a mean sensible heat input into most parts of the North Sea can
be observed (Fig . 7 . 19 . 1 -7 . 19 . 4) .

Regional minima of the sensible heat flux occur where regional minima of the mean tem¬
perature differences are observed , e .g . during October over the western part of the North
Sea.

The latent turbulent heat flux is positive over the entire North Sea , providing besides the
net longwave radiation flux the main heat loss of the North Sea (Fig . 7 . 16 . 1 -7 . 16 . 5 ) . As in
other mid-latitude ocean areas latent heat fluxes are larger in winter than in summer . The
patterns of the latent heat flux are dictated by wind speed (Fig . 7 . 10 . 1 -7 . 10 . 13 ) and rela¬
tive humidity (Fig . 7 . 8 . 1 -7 . 8 .5 ) . From January to April , the mean latent heat flux increases
from southeast to north and during June to September from west to east . A regional maxi¬
mum occurs from September to February over the southern North Sea , where a regional
minimum of the relative humidity was observed.

'yThe latent heat flux is on average about three times larger (~50 Wm ) than the sensible
heat flux , in autumn even more (Fig . 7 . 19 . 1 -7 . 19 .4) . In accordance with air and sea surface
temperature the annual cycles of sensible and latent heat flux are smaller over the northern
than over the southern North Sea (Fig . 7 . 19 . 1 -7 . 19 . 4) . The seasonal variation of both tur¬
bulent heat fluxes agrees very well with data published by Isemer and Hasse ( 1985 ) for the
eastern North Atlantic including the North Sea.

5 .7 Divergence and vorticity

The mean divergence and vorticity fields (Fig . 7 . 17 . 1 -7 . 17 . 5 , 7 . 18 . 1 -7 . 18 . 5 ) are derived
from the original surface wind fields (section 4 .2) . They show air circulation features
caused by coastal topography , friction and temperature differences between land and sea.
The absolute divergence is larger (> 15 • 10' 6 s _ 1

) during months with wind speeds of
more than 7 m/s (Fig . 7 . 10 . 1 -7 . 10 . 13) , as from September to March . In the lee of the Brit¬
ish Isles the divergence is positive , equal to a mean downward flow. In the luff of mean
flow, in particular along the Danish and Norwegian coast , convergence cells occur with
mean upward flow.

In addition to these divergence or convergence effects along the coast also the vorticity
patterns are calculated (Fig . 7 . 18 . 1 -7 . 18 . 5 ) from the original wind fields . The annual vari¬
ation of the vorticity is in agreement with the variation of the mean divergence and the
gradients of the pressure fields (Fig . 7 . 1 . 1 - 7 . 1 . 13 ) .
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6 Concluding Remarks and Acknowledgements

The climate of the North Sea has been previously described in several papers based on
irregularly distributed observations . Those climatologies not only differ in the time peri¬
ods considered but also in the handling of the observation data and sometimes in the area
covered (see also Appendix 9 . 2) . The present study uses an objective analysis applied to
quality controlled data in order to get homogeneous fields of high resolution for atmos¬
pheric parameters and sea surface temperature over the entire North Sea . From a climato¬
logical view point , the analysis is based on a rather short time period of only ten years.
This precludes trend analyses . When the next decade of data will be available a revised
version of this atlas is planned.

The advantage of the objective analysis is that physical relations between parameters and
differences between land and sea can be considered in the interpolation of the data . In
addition , the data sets enable the calculation of homogeneous fields of derived parameters,
such as turbulent fluxes, which are , for example , important for the forcing of oceano¬
graphic models . The disadvantage of such objective methods is that certain phenomena
cannot be described if observations are missing or are too scarce . Therefore , precipitation
and radiation could not be included in this atlas.

We see the present climate atlas and its underlying time series as an improvement for all
users of oceanographic and atmospheric models for the North Sea region , making data
fields available every three hours . The monthly means are shown in maps for all those who
are interested in a climate description of the North Sea , in addition to the existing sea
handbooks.

We thank the Deutscher Wetterdienst , Hamburg , for supplying the observational data and
printing the atlas . We are grateful to Dr. Hans Luthardt , who not only made available his
analysis model but also helped with its application . We also thank Magnus Bomemann
and Nils Rehbein for their help during the processing of the observations.

The atlas project was financed by the Federal Ministry for Education , Science , Research
and Technology as part of the larger project KUSTOS (Material and Energy Fluxes near to
the Coast - the Transition Land -Sea in the Southeastern North Sea) .
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Fig . 7 .0 : Sea surface temperature observations (abs . number ) , 1981 - 1990



Fig . 7 . 1 . 1 : Mean sea surface air pressure [hPa] , January



- 20 -

- 4° 0° E 4 ° 8° 12°

61°

59°

57°

N

55°

53°

51°

Fig . 7 . i .2 : Mean sea surface air pressure [hPa] , February
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Fig . 7 . 1 . 3 : Mean sea surface air pressure [hPa] , March
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Fig . 7 . 1,4 : Mean sea surface air pressure [hPa] , April
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Fig . 7 . 1 . 5 : Mean sea surface air pressure [hPa] , May
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Fig . 7 . 1 .6 : Mean sea surface air pressure [hPa] , June
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Fig . 7 . 1 .7 : Mean sea surface air pressure [hPa] , July
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Fig . 7 . 1 .8 : Mean sea surface air pressure [hPa ] , August
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Fig . 7 . J .9 : Mean sea surface air pressure [hPaJ, September



Fig . 7 . 1 . 10 : Mean sea surface air pressure [hPa] , October
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Fig . 7 . 1 . 11 : Mean sea surface air pressure [hPa] , November
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Fig . 7 . 1 . 13 : Mean sea surface air pressure [hPa] , Year
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Fig . 7 .2 . 1 : Standard deviation of sea surface air pressure [hPa ] , January



Fig . 7 . 2 .2 : Standard deviation of sea surface air pressure [hPa] , April
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Fig . 7 .2 .3 : Standard deviation of sea surface air pressure [hPa] , July
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Fig . 7 .2 .4 : Standard deviation of sea surface air pressure [hPa] , October
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Fig . 7 .2 . 5 : Standard deviation of sea surface air pressure [hPa] , Year
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Fig . 7 . 3 . 1 : Mean air temperature [ °C] , January
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Fig . 7 .3 .2 : Mean air temperature [°C ] , February
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Fig . 7 .3 . 3 : Mean air temperature [°C ] , March
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Fig . 7 .3 .4 : Mean air temperature [ °C ] , April
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Fig . 7 .3 . 5 : Mean air temperature [°C ] , May
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Fig . 7 .3 . 6 : Mean air temperature [°C ] , June
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Fig . 7 . 3 .7 : Mean air temperature [°C] , July
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Fig , 7 .3,8 ; Mean air temperature [ °CL August
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Fig . 7 .3 . 9 : Mean air temperature [°C ] , September
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Fig . 7 . 3 . 10 : Mean air temperature [°C ] , October
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Fig . 7 .3 . 11 : Mean air temperature [°C ] , November
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Fig . 7 . 3 . 12 : Mean air temperature [°C] , December
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Fig . 7 . 3 . 12 : Mean air temperature [ °C ] , Year
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Fig . 7 .4 . 1 : Standard deviation of air temperature [ °C ] , January



Fig , 7 .4 .2 : Standard deviation of air temperature [°C ] , February
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Fig . 7,4 . 3 : Standard deviation of air temperature [ °C ] * March
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Fig . 7 .4 .4 : Standard deviation of air temperature [ °C ] , April
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Fig , 7 .4,5 : Standard deviation of air temperature [ °C ] , May
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Fig. 7 .4 . 6 : Standard deviation of air temperature [ °C ] , June
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Fig . 7 .4 .7: Standard deviation of air temperature [ °C] July
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Fig . 7 .4 . 8 : Standard deviation of air temperature [ °C ] , August
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Fig . 7 .4 . 9 : Standard deviation of air temperature [
°C ] , September
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Fig . 7 .4 . 10 : Standard deviation of air temperature [ °C] , October
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Fig . 7 .4 . 11 : Standard deviation of air temperature [ °C ] , November
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Fig . 7 .4 . 12 : Standard deviation of air temperature [ °C ] , December
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Fig . 7 .4 . 13 : Standard deviation of air temperature [°C ] , Year
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Fig . 7 .5,1 : Mean sea surface temperature [ °C ] , January
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Fig . 7 .5 .2 : Mean sea surface temperature [ °C ] , February
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Fig . 7 . 5 .3 : Mean sea surface temperature [°C] , March
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Fig . 7 .5 .4 : Mean sea surface temperature [°C ] , April
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Fig . 7 .5 .5 : Mean sea surface temperature [ °C] , May
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Fig . 7 .5 .6 : Mean sea surface temperature [ SC] , June
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Fig . 7 .5 .7 : Mean sea surface temperature [°C ] , July
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Fig . 7 .5 .8 : Mean sea surface temperature [ °C] , August
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Fig . 7 . 5 .9 : Mean sea surface temperature [°C ] , September
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Fig . 7 .5 . 10 : Mean sea surface temperature [°C ] , October
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Fig . 7 .5,11 : Mean sea surface temperature [ °C ] , November
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Fig . 7 .5 . 12 : Mean sea surface temperature [ °C] , December
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Fig . 7 . 5 . 13 : Mean sea surface temperature [ °C ] , Year
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Fig . 7 .6 . 1 : Standard deviation of sea surface temperature [°C ] , January
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Fig . 7 .6 .2 : Standard deviation of sea surface temperature [°C ] , April
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Fig . 7 .6 . 3 : Standard deviation of sea surface temperature [°C] , July
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Fig , 7 .6,4 : Standard deviation of sea surface temperature [ °C] , October
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Fig . 7 .6 .5 : Standard deviation of sea surface temperature [°C ] , Year
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Fig . 7 .7 . 1 : Mean air-sea temperature difference [ °C] , January
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Fig . 7 .7 .2: Mean air-sea temperature difference [ aC ] , February



- 83 -

6 -~f"

Fig . 7 .7 .3 : Mean air-sea temperature difference [°C ] „ March
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Fig . 7,7 .4 : Mean air-sea temperature difference [ °C ] , April
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Fig . 7 .7 .5 : Mean air-sea temperature difference [°C ] , May
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Fig . 7 .7 .6 : Mean air-sea temperature difference [°C] , June
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Fig . 7 .7 .7 : Mean air-sea temperature difference [°C J , July
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Fig , 7 .7 . 8 : Mean air-sea temperature difference [0C ] , August
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Fig . 7 .7 . 9 : Mean air-sea temperature difference [°C ] , September
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Fig . 7 . 7 . 10 : Mean air-sea temperature difference PC ] , October
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Fig . 7 .7 . 1L : Mean air-sea temperature difference [“Cl , November
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Fig . 7,7 . 12 : Mean air-sea temperature difference [°C ] , December
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Fig . 7 . 7 . 13 : Mean air-sea temperature difference [°C ] , Year
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Fig . 7 .8 . 1 : Mean relative humidity [ % ] . January
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Fig . 7 . 8 . 2 : Mean relative humidity [%] , April
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Fig . 7 . 8 . 3 : Mean relative humidity [%] , July
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Fig . 7 .8 .4 : Mean relative humidity [%] , October
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Fig . 7 .8 .5 : Mean relative humidity [% ] , Year
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Fig . 7 .9 . 1 : Mean resultant wind [ms" 1
] , January
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Fig . 7 .9 . 3 ; Mean resultant wind [ms 1
] , March
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Fig . 7 .9,4 : Mean resultant wind [ms- 1
] , April
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Fig . 7 .9,5 : Mean resultant wind [ms' 1
] , May
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Fig , 7,9,6 : Mean resultant wind [ms' !
] , June
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Fig . 7 .9 . 7 : Mean resultant wind [ms' 1
] , July
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Fig . 7 .9 .8 Mean resultant wind [ms 1
] , August
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Fig . 7 .9 .9 : Mean resultant wind [ms" 1
] , September
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Fig . 7 .9 . 10 : Mean resultant wind [ms' 1
] , October



- 109 -

.

Fig , 7 .9 . 11 : Mean resultant wind [ms' 1
] , November
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Fig . 7 .9 . 12 : Mean resultant wind [ms’ 1
] , December
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Fig . 7 .9 . 13 : Mean resultant wind [ms’ 1
] , Year
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Fig . 7 . 10. 1: Mean scalar wind speed [ms' 1
] , January
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Fig. 7 . 10 .2: Mean scalar wind speed [ms' 1
] , February
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Fig . 7 . 10 .3: Mean scalar wind speed [ms' 1
] , March
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Fig , 7 . 10.4: Mean scalar wind speed [ms‘
] , April
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Fig . 7 . 10 .5 : Mean scalar wind speed [ms '
] , May
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Fig . 7 . 10 .6: Mean scalar wind speed [ms' 1
] , June
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Fig . 7 . 10.7 : Mean scalar wind speed [ms ] » July
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Fig . 7 . 10 . 8 : Mean scalar wind speed [ms"
] , August
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Fig . 7 . 10 .9 : Mean scalar wind speed [ms 1
] , September
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Fig . 7 . 10 . 10: Mean scalar wind speed [ms ] , Octiober
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Fig . 7 . 10. 11: Mean scalar wind speed [ms' 1
] , November
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Fig . 7 . 10 . 12: Mean scalar wind speed [ms '
] , December
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Fig . 7 . 10,13: Mean scalar wind speed [ms* 1
] , Year
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Fig . 7 . 11 . 1 : Steadiness of wind [%] , January
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Fig . 7 . 11 .2 : Steadiness of wind [%] , April
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Fig . 7 . 11 .3 : Steadiness of wind [%] , July
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Fig . 7 . 11 .4 : Steadiness of wind [% ] , October
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Fig . 7 . 11,5 ; Steadiness of wind [%] , Year
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Fig . 7 . 12 . 1 : Relative frequencies of stormy wind situations [% ] , January
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Fig . 7 . 12 . 2 : Relative frequencies of stormy wind situations [ %] , February
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Fig . 7 . 12 . 3 : Relative frequencies of stormy wind situations [%] , March
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Fig . 7 . 12 .4 : Relative frequencies of stormy wind situations [% ] , October
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Fig . 7 . 12 .5 : Relative frequencies of stormy wind situations [% ] , November
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Fig . 7 . 12 . 6 : Relative frequencies of stormy wind situations [%] , December
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Fig . 7 . 13 . 1 : Relative frequencies of weak wind situations [% ] , January
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Fig . 7 . 13 .2 : Relative frequencies of weak wind situations [ %] , February
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Fig . 7 . 13 . 3 ; Relative frequencies of weak wind situations [ %] , March
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Fig . 7 . 13 .4 : Relative frequencies of weak wind situations [%] , April
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Fig . 7 . 13 . 5 : Relative frequencies of weak wind situations [%] , May



- 141 -

61 ° f?

• sj \ v

53 ° *■

Fig . 7 . 13 .6 : Relative frequencies of weak wind situations [%] , June
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Fig . 7 . 13 .7 : Relative frequencies of weak wind situations [%] , July
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Fig . 7 . 13,8 : Relative frequencies of weak wind situations [ %] , August
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Fig . 7 . 13 . 9 : Relative frequencies of weak wind situations [% ] , September
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Fig . 7 . 13 . 10 : Relative frequencies of weak wind situations | % ] , October
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Fig , 7,13 . 11 : Relative frequencies of weak wind situations [% ] , November
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Fig , 7,13 . 12 : Relative frequencies of weak wind situations [% ] , December
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Fig . 7 . 14 . 1: Mean turbulent vertical flux of momentum [kgm
’ V 2

] , January
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Fig , 7 . 14 .2: Mean turbulent vertical flux of momentum [kgm
*
s"

2
] , April
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Fig . 7 . 14 .3: - IMean turbulent vertical flux of momentum [kgm s “
] , July
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Fig . 7 . 14 .4; Mean turbulent vertical flux of momentum [kgm
' s

'“
] , October
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Fig . 7 . 14 . 5: Mean turbulent vertical flux of momentum [kgm
"

s
'~

] , Year
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Fig . 7 . 15 . 1: Mean turbulent vertical flux of sensible heat [WmJanuary
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Fig . 7 . 15 .2 : Mean turbulent vertical flux of sensible heat [Wm ] , April
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Fig , 7 . 15 .3: Mean turbulent vertical flux of sensible heat [WmJuly
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Fig . 7 . 15 .4: Mean turbulent vertical flux of sensible heat [Wni ] , October
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Fig . 7 . 15 . 5 : Mean turbulent vertical flux of sensible heat [Wrrf “] , Year
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Fig . 7 . 16 . 1 : Mean turbulent vertical flux of latent heat [Wmf2
] , January



159 -

Fig . 7 . 16 .2: Mean turbulent vertical flux of latent heat [Wm‘2
] , April
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Fig . 7 . 16.3 : Mean turbulent vertical flux of latent heat [Wm *
] , July
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Fig . 7 . 16 .4: 2Mean turbulent vertical flux of latent beat (Wm'
] , October
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Fig . 7 . 16 .5: Mean turbulent vertical flux of latent heat [Wm "“
] , Year
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Fig . 7 . 17 . 1 : Mean divergence of wind field [ 10’V ] , January
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Fig . 7 . 17 . 2 : Mean divergence of wind field [ KfV 1
] , April
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Fig . 7 . 17 .3: Mean divergence of wind field [ 10’V ] , July
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Fig , 7 . 17 .4: Mean divergence of wind field [ 1CfV 1
] , October
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Fig . 7 . 17,5 : Mean divergence of wind field [ ICfV 1
] , Year
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Fig . 7,18 . 1 : Mean vorticity [ 10'V 1
] , January
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Fig . 7 . 18 .2 : Mean vorticity [ 10"6s *
] , April
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Fig . 7 . 18,3: Mean vortieity [ lCfV 1
] , July
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Fig . 7 . 18 .4 : Mean vorticity [ 10
'V l

] , October
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Fig . 7 . 18 .5 : Mean vorticity [ KfV 1
] , Year
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Fig . 7 . 19 . 2 : Annual cycle , Central North Sea
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Fig . 7 . 19 .3 : Annual cycle , Northern North Sea
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Fig , 7 .20 . 1 : Windroses , January
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Fig . 7 .20 .2 : Windnoses, February
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Fig . 7 .20 . 3 : Windroses , March
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Fig . 7 .20 .4 : Windroses , April
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Fig . 7 .20 .5 : Windroses , May
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Fig . 7 .20 .6 : Windroses , June
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Fig . 7 .20 .7 : Windroses , July



184

* 8 1

Fig . 7 .20 . 8 : Windroses , August
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Fig . 7 .20 .9 : Windroses , September
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Fig . 7 .20 . 10 : Windroses , October
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Fig. 7 .20 . 11 Windroses, November
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Fig . 7,20,12 : Windroses , December
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Fig , 7 .20 . 13 : Windroses , Year
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9 Appendices

9.1 Tables of windroses

Table Month Page

9 . 1 . 1 . 1 January . 194
9 . 1 .2 . 1 February . 198
9 . 1 . 3 . 1 March . 202
9 . 1 .4 . 1 April . 206
9 . 1 . 5 . 1 May . 210
9 . 1 .6 . 1 June . 214
9 . 1 .7 . 1 July . 218
9 . 1 . 9 . 1 August . 222
9 . 1 .9 . 1 September . 226
9 . 1 . 10 . 1 October . 230
9 . 1 . 11 . 1 November . 234
9 . 1 . 12 . 1 December . 238
9 . 1 . 13 . 1 Year . 242
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