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FOREWORD

A problem encountered while developing
forecasting methods forbsea ice behaviour
is the interaction between the atmosphere
and the ice.

The Winter Navigation research Board herewit :
presents its report no 40, which is devoted .o

this problem.

We thank the author and his colleaques for
a fine job.

Helsinki and Stockholn, August 1984

Jan-Erik Jansson Kaj Janérus
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ABSTRACT

Investigations carried out with a view to.promoting'oﬁr
understanding and the parameterization of momentum transfer
between the atmospheric boundary layer and the ice-covered
Bothnian Bay are reviewed. The scienmtific results from three
field experiments are summarized and conclusions are drawn
concerning the dependence of the cross—isobar angle and drag
coefficients or wind ratios on thermal stratification, baro-
clinity and inertial effects. Implications for wihd modelling
are discussed, and an example of the application of this
approach with a simple statistical model using a new wind
predictor 1is given. This approach 1s supported by a short
sequence of observational data. Wind statistics from the field
experiments, an automatic weather station and loéal wind ana-
lyses are compared. In conclusion, possible routine schemes
for wind predictions are discussed and recommendations,for‘

future work are given.

1. INTRODUCTION

Anyone who makes his living from the sea or who spends much
time by or on the sea knows the unpredictabilify‘of marine weather
and the strong interaction between the atmospheric and the oceanic
motion and in return the oceanic heat reservolr is a never-ending

source of energy for atmospheric disturbances. Wind forcing at

the sea surface generates surface waves, drift currents and ice,

or any other, drift (e.g., oil; boat, etc.); in addition the wind

. can influence the oceanic interior flow via nonlinear processes.

Maritime activities depend to a great extent on the state of the

sea, and thus, prediction of the wind field above the sea and

our ability to graSp‘the exchange of momentum, heat and mass




between the two media is more than a purely academic exercise;
it is a problem of economics, too..

Technological advances with more powerful machinery, new navi-
gation systems and increased automatization on board ship have
permitted year-round, all-weather maritime activities to be
extended to ever more remote locations (e.g. the Arctic Ocean)
in response to the requirements of a developing economy. However,
safety and efficiency still require forecasting the behaviour of
atmospheric and oceanic flows.

Unfortunately, observations at sea are rare and most of them
are from coastal stations, which we now know are biased by local
factors (e.g. Joffre & Makkonen, 1981; Weisberg & Pietrafesa,
1983) . This puts extra emphasis on the theoretical approach,
which is the only way that the basic physical processes can be
described and explained. Only afterwards can observational and

statistical elements be added to provide numerical estimates for

our problem.
Since 1975, the Finnish Board of Navigation has been giving

financial support to a research project carried out at the
Institute of Marine Research (IMR), Helsinki, with the primary
aim of clarifying the nature and magnitude of the basic processes

invelved in the interaction between the atmosphere and the sea

ice fields 1n the Bothnian Bay. A large proportion (17 %) of
Finnish exports pass through the harbours of the Bothnian Bay,

the most northern part of the Baltic Sea, which freezes completely
for approximately five months every winter.

The secondary aim of these theoretical investigations was to
enable us to predict more accurately the wind field on the meso-
scale(T). At the same time, research was initiated to develop an
ice-drift model that could be used for icebreaker activities in
the northern part of the Baltic Seé (Leppédranta, 1981). The grid-

"mesh of this model was 27 km, i.e. on a meso-B scale (L~ 20-200

km) .

(f) Mesoscale (L~ 2-2000 km) refers here to -subsynoptic scales. Weather

forecasts are usually made on a synoptic scale, i.e. L >2000 km (Orlanski, 1975).




The two sets of research cooperated in investigating the possi-
bility of providing wind data for the ice model on the smallest
scale possible and in providing insight into the parameterization

of the wind forcing term in the model.

This research project has now reached the final stage for the

theoretical and empirical aspects of momentum transfer parameter-

ization between wind and ice. Numerical values for transfer coef-
ficients can be presented here with their ?hysical dependences as
well as more physical understanding for the failure of certain
parametrization schemes. The wind field distribution problem has
been investigated from the point of view of the search for specific
wind concepts freed from disturbing factors, Since the nature of
our data was such that they did not permit more general statisti-
cal investigation. The data bases required for continuation and
extension of this investigation to a suitable wind format for ice
model assimilation, including horizontal spatial variability, are
held by the Finnish Meteorological Institute (FMI); closer cooper-
ation with this Institute is therefore recommended.

The purpose of this report is to relate the work done and the
results achieved at this turning point in the investigation. We
shall first describe the theoretical background and identify the
problems and then present the methods available to solve them

(section 2). Then, the experimenﬁal work éarried out in order to

document the various processes will be described with some com-

ments on their success and drawbacks (§ 3). Sectiopﬂ4 will present
the main results of these empirical investigat}oné‘in their
theoretical framework. The next step is to doéﬁment statistically
(or climatologically) our knowledge of wiﬁd conditions in order

to extract certain general patterns of behaviour and easy-to-
reproduce features (§ 5). In section 6 we shall present some
results of wind modelling with emphasis on the relative importance
of predictors. Finally, section 7 will summarize the achievements

and the shortcomings of the work in order to provide recommenda-

"tions for using the results of this research and for future work

pertinent to this problem.




2. STATEMENT OF THE PROBLEM

2.1 Background

Any flow sweeping over a surface must adjust to the surface

‘ conditions (roughness, surface temperature and surface wetness) .

! The difference in the properties of the two media (here the atmos-
i phere and the sea surface) and the viscidity of the medium makes

‘ this adjustment layer have a non-infinitesimal thickness and be
the location of very important physical processes. This adjustment

layer, called the atmospheric boundary layer (ABL), acts as a

|

’ buffer layef between the free atmosphere above and the surface _
! beneath. All the characteristics of this layer (and unfortunately
\ all its difficulties) arise from the fact that it is always in a

l state of turbulent motion.

Above the ABL is the free-stream (frictionless) large-scale
flow in which the basic balance is between the pressure-gradient
and the Coriolis forces, this equilibrium being destroyed trans-
iently by advection of momentum and vorticity embedded in the
atmospheric disturbances. This large-scale. flow velocity VLS acts
as an external driving force for the ABL flow. The wind and tempe-
rature profiles within the ABL tend towards the free-stream values
that they reach at the top of the ABL denoted by h. Below, the
velocity tends towards zero (or towards the drift current velocity)
at the surface while the temperature adjusts itself to the surface

temperature as does the humidity (see Fig. 1).

Now, either the potential temperature increases with height 1
(profile O(T)) and the stratification is stable or the potential
temperature decreases with height (6(2)) and the situation is
hydrostatically unstable. In the former case, turbulent fluctuations
are weak and the wind shear is large in a relatively thin ABL
(typically 50-500 m), in the latter case strong convective fluctua-
tions mix the ABL efficiently, resulting in a thicker well-mixed
layer (typically 200-2000 m) . However, the unstable case observa-
tions described in this report did not correspond to a pure conv-

ective state but rather to a dual production state with both

mechanical and thermal mixing. Thus, the sign and the magnitude




Fig. 1: Schematic representation of wind (u) and potential
temperature (0) vertical profiles under stable (1) and
unstable (2) conditions. The vertical coordinate z is non-

dimensionalized with the ABL height h.

of the potential temperature gradient are the primordial ingre-
dient shaping wind profiies and tagging the physical structure of
the ABL. From a practical point of view, note that in the stable
case the surface wind velocity is much smaller than the basic
flow velocity above whereas in the unstable case these two veloc-

ities are much closer.

2.2 Theory of the methodology

Now the basic problem is to get the wind close to the surface,
say, at a reference level z =10 m (the surface wind VS), knowing
only the large-scale flow or an approximation of it called the
geostrophic wind Vg' This geostrophic‘wind is a theoretical con-

cept rather than an observable wind: it assumes a perfect balance




between the pressure-gradient and the Coriolis force (connected
to the rotation of the earth) without frictional influences. More-
over, it is generally determined at grid points 150 km apart,
which is roughly the width of the Bothnian Bay. Thus, the .analysis
techniques involved in determining Vg will smooth out any irregul-
arities, and many of the details, e.g. curvature in the streamlines,
are lost. On the other hand, these techniques can add artificial
features to the field analysed, thus causing errors that may even
grow with time. If these subgrid (£ 150 km) details increase for
some hydrodynamical reason and enhance existing disturbances they
may be very important, resulting in unpredictable {(and unpredicted)
damage such as that caused by the recent "Mauri-myrsky" event in
Northern Fihland.

Thus, we:must interpolate the upper wind downwards to obtain
VS. The verfical profile of the longitudinal component u(z) of
the wind, i.e. the rate of decrease in the wind velocity downwards,
will be determined primarily by the roughness of the surface and
the hydrostatic stability of the layer. Further, the state of the
large-scale flow will also influence the profiles (through baro-
clinity and inertial effects). On the other hand, the earth's
rotation causes the wind to turn with height, so that there is
also a lateral component v(z) which must be estimated or predicted.
The total turning between the surface wind direction 0 and the
geostrophic wind direction Qg (i.e. along the isobars) is called
the cross-isobaric angle Ay and is defined positive towards lower
pressure although the veering is clockwise in the Northern Hemi-
sphere. The turning oy will depend on surface roughness and stabil-
ity and to the second order on baroclinity and acceleration.

Throughout this study we take the x-axis along the surface wind.

However, knowledge of the surface wind is not the end of the
road. Although VS is needed for ship navigation, pleasure sailing,
icebreaker activity, etc., oceanography and other practical appli-
cations such as wave development, current and ice- and oil-drift

predictions require knowledge of the rate of downward momentum

transfer from the atmosphere to the sea. This is determined by




the shape of the profile between Vs and the surface. This momentum
input is also called the surface stress To * In fact, it is more
practical to use the concept of friction velocity u, to express

this stress since
ui (1)

where Po is the air density which is almost constant (=1.2 kg/ms).
The determination of u, requires either direct measurements of
turbulent fluctuations at 1-10 Hz (with sophisticated sensors
providing a large body of data and necessitating time-consuming
digital processing) or measurements at several levels (at least
four or five below 10 m) close to the surface in order to know
accurately‘the shape and slope of the wind profile. Since such
measurements are not available on a routine basis, the only way
is to parameterize the stress. From laboratory experiments, we

use the relation

2
u, = C VS (2)

where CD is a dimensionless bulk parameter, the drag coefficient.
Thus, if the surface wind is known (observed or predicted), know-
ledge of CD is enough for determining the stress. Unfortunately,
the drag coefficient is strongly dependent on thermal stability,
on roughness, on the height of observations and also on non-local
effects advected by the wind. A large body of observations has
been gathered concerning the variability of CD. Although the mean
trends of its behaviour are known, there is still a large scatter
in the observations, shading somewhat its representativeness.

To avoid the additional step of the surface wind, the stress
can be obtained directly from the large-scale flow in the equiva-

lent format

uw: = c v (3)
* g g
oxr
2 2
u, = C. o V (4)




where Cg and Cog are the corresponding geostrophic and upper flow
drag coefficients, respectively. The parameters Cg and CLS depend
on stability and roughness but definitely also on baroclinity and
acceleration, although the latter two are generally discarded in
most studies. The scatter in Cg values is also large mainly because
of uncertainties in the determination of Vg and the non-incorpora-
tion of disturbing effects such as baroclinity and inertial effects.
Although these latter influence surface values (VS and CD) as well
they are less essential there since turbulence time-scales are

much shorter close to the surface and a continuous quasi~adjustment
takes place. At higher levels, turbulence scales become comparable
to the characteristic time-scale of the changes of the flow, and
their effects can no longer be neglected. Note that the link
between input data and the stress is shorter for the upper wind
method and in a way smoothes out the variability present in the
profiles. On the other hand, the range of variability in CD and

VS is smaller and thus large errors, implying complete predictive

failure, are less probable.

An important issue is the question of non-homogeneity in surface
conditions when, for instance, the ice field of different sized-
floes is also cut by open leads. The direct contact of cold air
with water results in strongly enhanced heat exchanges (Topham
et al., 1983, p. 2889), up to 20-30 % of the total exchange in
spite of their relatively small areas. Thus, it would be important
to know the relative location of meteorological instruments with
respect to these transitional features, since downwind observations
would register convective structure and low roughness conditions

advected in a developing internal boundary layer (Andreas et al.,

1979) .
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Fig. 2: Location of the field experiment sites described in
this report (stars). The encircled numbers designate the ses
areas for local wind forecasts from the FMI. The crosses in-
dicate the grid points at which the surface pressure field

is analysed.

3. DATA AND EXPERIMENTS

3.1 The Uto data

A total of 250 pilot balloon profiles performed in 1930-36 on
the island of Utd (see Fig. 2) were analysed in order to determine
the large-scale stress over the sea in the vicinity of Ut6 for
both ice-free and ice~covered situations (Joffre, 1978). Although
the presence of the island may distort profiles, the low elevation

of the relief and the lack of trees ensure rather good representa-

tivity of the sea area.
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The lack of good surface measurements was the main limitation
in this data set. Both wind VS and temperature Ta were measured at
only one level (zv=:15 m and Zan =2 m, respectively); the water
near-surface temperature Tw was observed during open water periods.
The main shaping factor for wind profiles, the hydrostatic stabil-

ity, was estimated through a bulk Richardson number

Ri = — (5)

g ‘a ‘w
Ta v2
The wind data were available at 100-m intervals up to 500 m and
upward at 500-m intervals. These data were used for a climatolo-
gical study of the ABL structure over the sea, especially with
regards to vertical thermal conditipns (Ri) and horizontal large-
scale thermal influences (baroclinity) whose trace can be analysed
from the slope of the wind profiles above the ABL. This study gave
the dependence of CD’ Cg and a, on thermal stability and the
orientation BO of the baroclinity (see § 4.2.4). However, the

main result from this analysis was the substantiation provided

for the analytical method developed for extracting important
information on the structure of the ABL from simple data. Note
that the analysed profiles cover only some selected winter situa-
tions and a large amount of profiles is still left for potential

investigators.

3.2 The 1977 ice field experiment (ISABLEX-77)

In March-April 1977 a joint Finnish-Swedish expeaition performed
meteorological, oceanographic and ice structure observations off
Raahe-Kalajoki in the Bothnian Bay (’h64o30' N,’\:23O E). R/V Aranda
was moored in the ice field and drifted along with it. The first

period of this Ice-Sea-Atmosphere Experiment (ISABLEX) lasted six

days and the second phase nine days; the party had to move to
another floe in between when the first one disintegrated in a

storm. The meteorological data base consists of: mean wind and

temperature measurements at five levels between 1 and 10 m from
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a mast standing in the middle of a smooth large ice floe (about

2 km in diameter); wind fluctuations at 10 m from a Gill anemome-
ter recorded on photographic paper tape; ice temperature at four
levels; wind, temperatﬁre and humidity profiles up to 3-km from
low-level Vaisala radiosondes (28 profiles) and finally about 100
pibals giving wind profiles up to at leést 500 m. A 13-m° kytoon
was also launched giving 10 profiles up to 400-500 m under weak

wind conditions. The turbulent data from the Gill anemometer have
not been analysed owing to the lack of personnel for the cumber-
some task of digitizing the recording tape.

The mast profiles enable us to study the fine structure of the
profiles close to the surface and the rate of downward momentum
transfer as a function of stability conditions. The variations in
the smooth roughness conditions were also studied under various
flow conditions. The upper profiles gave a good representation of
the structure, height and evolution with time of the whole ABL as
a function of turbulence conditions. These profiles were also
used to parameterize the height of the ABL. The large-scale rough-
ness was determined, as with the Utd data, but now we had the
advantage that it coﬁld be compared with the skin roughness deter-
mined from the mast data. The difference between them was attrib-
uted to the effect of large-séale roughness elements (ice ridges
and hummocks), whose rough statistical distribution was estimated
separately.

These data have also been used to estimate the influence of
large-scale disturbances°(baroclinity and acceleration) on the
averaged characteristics of the ABL. Moreover, using the pressure
field analysis of the FMI we were able to correlate the ABL flow
and the surface wind to the external geostrophic flow. Using these

statistics we could develop a prediction model of the surface wind.

3.3 The 1979 ice field experiment (ISABLEX-79)

In April 1979 a second rather similar expedition was undertaken
near Ulkokalla (~64° 20' N, ~23° 05' E) in the Bothnian Bay. This

time a 16-m mast was used with six levels of instrumentation down
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|
ih_ to 0.6 m. The data were more valuable than those gathered in 1977
| -1

since temperature and wind direction were registered at a 1T-min

‘, frequency instead of 0.1—min_1 as in 1977. Wind direction and
global radiation were each observed at two different levels along
the mast. Ice and snow temperature were recorded at five different
levels. Upper profiles were similarly performed with both radio
and pilot soéoundings. These data have not been analysed from the
point of view of the turbulent structure but only to implement the
statistical study started in 1977 on wind conditions over the sea.
Further information was provided by the geostrophic wind computed
from the pressure analysis of the FMI and by the wind observations
at the AMWS (Automatic Marine Weather Station) -of Kemi. The wind
data base created was used to compare the various wind estimates,
looking especially for any systematic bias, and to assess whether
mutual departures can be related to a certain type of flow or ABL

structure.

4. RESULTS

4.1 The wind profile close to the ice surface

4.1.1 Theory

From both laboratory and atmospheric measurements it is known
that wind u, potential temperature © and humidity g follow a |

logarithmic profile in the surface, or Prandtl, layer within

which Coriolis and pressure-gradient effects are unimportant: ;
— Uy ?
u(z) = — {ln(z/z ) - Wu(c)} (6) :

k .

_ ©
0(z) -0, = :: {ln(z/zH) - WG(C)} (7)
— D )
q(z) -q, = - {In(z/zg5) - Wq(c) (8)

where an overbar means a suitably defined time-average, z is the

vertical elevation, k is the Karman constant (=0.4), z is the




-13-

surface roughness length, z., and z_, are the temperature and humid-

H E
ity roughnesses, 0O, =—Qo/u* is a temperature scale with Qo the
kinematic surface turbulent heat flux, q, =—Eo/u* is a humidity

scale with Eo the surface evaporation and Oo r 4, are the surface
values of the temperature and humidity. The departure from the
pure logarithmic profile because of diabatic effects is expressed
by the universal functions Wu ,We and Wq depending onzthe sole
dimensionless stability parameter ¢ = z/L, where L, =u, @O/g]<®*
is the Monin-Obukhov length roughly describing the height above
which buoyant effects are non-negligible (g is the acceleration
due to gravity). These functions tend towards zero when ¢+ 0
(L, >~) and the conditions are adiabatic. '

It is widely accepted ndwadays that when ¢ >0 (stable stratifi-
cation) |

W=‘BC lye=\yq=—gec ‘ (9)

and for unstable conditions (z < 0)

2

_ 1+X 1+ X ™

Wu = 2 1n 5 + 1n — + - - 2 arc tan X (10a)
_ _ 1T+Y

We = Wq = 2 1n > (10b)

L

1
where }{=(1-yu§) and Y==(1-Yec)5. The coefficients B, B

’
Yu and Yg are "universal" constants and should be determined egpi—
rically. Present consensus gives BuEBe 2 4-7 ’Yu.515_22 and

Yo = 9-18. This still shows some scatter. Equations (6) and (7)
show that fitting a regression line to wind u, and temperature @i
observations at several levels zi (i=1,2,3,..) enables us to
compute the slopes u, or O, and the intercepts z, or 0. Since

the functions Wu and ¥, include, through L, , the unknowns u,

0
and 0, , an iteration technique is necessary (see Table 1).
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-

. Compute Ri==(g/OO)(aéyaz)(aa]Bz)_z
. Take z=R1i

. Compute Wu. and We

. Fit u. vs. 1lnz.-Y¥ (z.)
i i w1

(Zi)

=W

and 0. vs., Inz. ~V¥
1 1 0

. Compute Lg(u, ,0)

[ 2NN

. Uy and O, values converge
if yes: go to 7
if no : go to 3

7. End '

Table 1: Iteration flow chart for computing the surface

turbulent fluxes.

4.1.2 Study of the roughness conditions

For the roughness length Z, describing the smooth ice surface

around the mast during ISABLEX-77 we found

2 2 0.04-0.08 cm (11)

This range of values is representative of an underlying surface
of this type and it agrees with other values obtained elsewhere
over ice or snow (see Table 1 in Joffre, 1981, for a compilation
of data). Although this parameter zZ partly describes the mean
height of surface roughness elements, it is also a boundary condi-
tion depending on flow conditions. This second dependence has
seldom been investigated. Our results seem to indicate that Zg
is stability dependent through a dependence on the Reynolds

number. A low Reynolds number under stable conditions gives

higher wvalues of Z (see Joffre, 1982b). The theoretical importance

of such a finding is, however, tempered by the fact that the wind

is low under strongly stable conditions and the turbulent trans-

fers at the surface are thus weak.
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More interesting is the parameterization formula relating rough-

ness to the transfer rate u, through a square law:

2

Z, =MW u, (12)

with m=1.5x 10_ss/cm2 in agreement with Chamberlain (1983), who
found m=1.6 x10~" s/cmz.

4.1.3 The drag coefficient CD

The simplest way of parameterizing the stress ui is through a
drag coefficient CD (see Eg. 2). The dependence of CD (for a ,
reference level of 10 m) on the stability parameter z/L, is shown
in Fig. 3 from Joffre (1982b). Note the strong variability in CD
with thermal stratification, however, the neutral value is close
to 1.5 ><10"3 a typical value found elsewhere. The continuous lines
in this figureArepresent the theoretical dependence of CD==(u*/u10f

on ¢ given by Eq. (6).

3
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Figure 3: Dependence of the drag coefficient QD=(u*/VS) on thermal stability

z/Ly . The two continuous lines describe Eq. (6) for two values of the roughness

parameter z,+ The different symbols refer to different stationarity conditions

(for details see Joffre, 1981).
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As a consequence, any model taking CD as a constant to compute

the wind stress at the surface (e.g., Leppdranta, 1981) may result

in serious problems in principle. On the other hand, this depend-

ence does not facilitate our task for modelling purposes since we

of the atmosphere in addition to the wind. In other words, we

‘ now need knowledge of the thermal structure of the lowest layer

j need temperature data at two levels (see Eg. 5), which is far

‘ from being easy, especially in the case of ice-covered sea. We |

shall come back to this question (see § 7.1). t
It has to be noticed that stability defined from routine obser-

vations with a Richardson number Ri (Eq.(5)) can be readily trans-

80 T 1 1t [ T T T 1 | I N R
L ;
i /
b 4
70+ -
B ] Figure b:
60— 7
: - Empirical dependence of the
i . friction velocity u, on the
50 N o 1-m level wind Emin.
u L _
(cm*/s) L g (@-.-+-0) stable conditions,
40 —H (% X near-neutral condi-
B 4 tions and (+- - -+ ) unstable
[ i conditions.
30 ]
- -
20 ]
10+ 7
- .
O -
0 10 15




formed into the universal stability parameter ¢ which enters the

general flux-profile expressions (Egs. (6)-(10)).

This annoying stability dependence can be avoided if one takes
the reference level Zref @t @ lower height, where buoyant effects
do not intervene, i.e. 2 of « L, . Taking 2 ef at our lowest obser-
vation level of 1 m, we found a nice linear trend (see Fig. 4)
independent of stability. We shall make good use of this method

in § 6.2 . Note that the corresponding picture with u, vs. Uyg

shows a large scatter.

4.1.4 The large-scale roughness

The stfess determined from the mast measurements is representa-
tive of only a small area upwind of the mast. However, the wind
field in the bulk of the ABL "feels" the integrated effect of all
roughness elements, small and large. Consequently, in order to
Observe the signature in the wind profile of this integrated
effect, we have to consider the upper part of the profiles as well.
We use the geostrophic departure method, i.e. the cross-isobaric
flow is vertically integrated from the surface, where the stress
is now an overall value Ui r to the top of the ABL, where the
stress vanishes. The main flaw in this method is that the upper
profiles consist of instantaneous observations, and these cannot
be a good sample of the random movements of the rising balloon
following individual eddies. Moreover, the computation procedure
assumes that the situation is stationary and that there are no
entrainment processes. The stationarity constraint is relaxed by
dealing with mean profiles; the rate of entrainment was generally
small in our non-convective Observations.

We can write
2
Uy =u, +F (13)
2
where Uyg 1s the local stress determined from mast measurements

(see § 4.1.1) and FD is the unknown form drag due to pressure

differences on both sides of large roughness elements such as
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e Site 1 Site 2
I

: i
i F /Uy 0.59 0.27 ‘ i
Hi ~ ‘
i W) T.6 3.0
I 3 !
X . A %10 3.57 0.87 |
|i

i Table 2: Empirical average values of the relative

2
’g share of form drag to total drag (FD/U*)’ of the mean
3 frequency p and of the roughness concentration param-

eter X for the two sites of ISABLEX-TT.

ridges and hummocks. It is important to relate this form drag
contribution to the statistical distribution of these roughness
elements. It was shown in Joffre (1983a) that FD was well correl-
ated with the mean frequency u (in km“l) of ridges observed from
helicopter flights (see Table 2).

Furthermore, it was shown that the share of FD in Ui increases
with increasing stability, probably because of the incapacity of
Ik the turbulent field to compensate for increased momentum loss. On
§  the other hand, surface layer models predicting FD from ice
statistics seem to underestimate its share, thus stressing the
importance of dealing with the whole profile. Since these profiles
}_ fluctuate considerably and are uncertain, it would be very valuable
RL to perform aircraft crossings at several levels and to measure
ﬂ the intensity of turbulence at these levels together with ice
i statistics surveys.
ip_ Arya (1973) has shown that the dimensionless parameter A =L1hs
il (with hS the'average roughness element height) is very important
it in the parameterization of the form drag. Figure 5 illustrates the

dependence of the normalized dimensionless ratio (FD/Ui)/k on

.ﬂ thermal stability. Here the stability parameter h/L, involving
the ABL height h is more relevant than the parameter z/L, since

h is also coupled with the overall roughness, and the bulk effect

of the roughness element extends up to'heights comparable to h,.

It has to be pointed out, however, that this stability dependence
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to the total stress Uy, on thermal stability h/Lg. (+) site 1 and (e)

site 2 of Isablex-T7.

is a consequence of the fact that the local stress decreases with
departure from adiabatic conditions rather than that the total
stress U* varies with stability. Including FD’ we found that the
neutral overall roughness'ZO is approximately one order of magnit=-
ude larger than Zor i.e. 2.15—0.4 cm, and CD would be 20-50 %
larger, i.e. 1.8-2.3 x10~

4.2 The bulk of the ABL

4.2.1 Theory

Although the theoretical basis for expressing the wind, .tempe-
rature or moisture profiles in the surface layer is rather sound
and supported by empirical data, the situation is not so satisfac-
tory above the surface layer (approximately 10 8 of the whole ABL)
within the bulk of the ABL. In the surface layer, the internal
time scale of the turbulence field was rather short, allowing
rapid adjustment to various external forcings. However, this
scale grows with elevation and thus becomes comparable with new‘

relevant scales such as those connected with the rotation of the
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earth, thermal wind (i.e. baroclinity) and acceleration or advect-
ive effects. This means that one cannot derive general analytical
expressions for the profiles. Moreover, observations in the upper
layers of the ABL are less accurate since they are generally
obtained from balloon tracking. The similarity theories define
only the dimensional relationships to be expected for the varia-
tions in the profiles. Thus, it is more beheficial to try to
connect the wind field close to the surface (or the surface stress)
to the wind field capping the ABL, i.e. towards which the profile
tends asymptotically. This can also be done theoretically using
the resistance laws. However, they include universal functions
(functions A and B, see Arya, 1977), which are rather poorly known
and although we have determined them from our data, the scatter
encountered inclined us not to consider them in this report (see
Joffre, 1981, 1982a and 1984b).

When speaking about the wind (or temperature) at or above the
top of the ABL, we imply that we know this height h which will be
used as a reference level for the upper wind. This brings us to
a second problem: how can this ABL height h depending on time,
weather conditions and internal structure of the ABL be either

observed, diagnosed or predicted.

4.2.2 The upper wind

Above the ABL where friction effects are negligible, we have
geostrophic equilibrium under conditions of stationarity and
horizontal homogeneity. Because of this balance between the
Coriolis and pressure-gradient forces we can define the geostrophic
wind Vg from the pressure field. We computed Vg by fitting a
second-order surface regression to the analysed surface pressure
field of the FMI on a 15 % 9 grid over northern Europe (with a
mesh of 150 km) and then interpolated it to the location of R/V

Aranda. If the situation is barotropic, i.e. the pressure and

density surfaces coincide, the pressure gradient is conserved
with height.
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Unfortunately, such a simple state does not always occur and
advective terms in particular can be important. The observed upper
wind VLS includes implicitly such disturbing effects and might be
a better predictor for surface flow conditions. However, it is
not a very accurately quantity but, on the other hand, it is
becoming available from numerical models. _7

A third wind concept needs to be presented here; this is the

vertically integrated wind <V> such that

V> = %JOhV(z) dz (14)
which is a bulk wind expressing the mass flow through the ABL.
Note that numerical model outputs also correspond to integrated
values between grid points. On the basis that the mass flow in
the ABL is grossly conserved whatever the flow conditions, we

can expect <V> not to be affected by baroclinity or a different
state of hydrostatical stability even though the shape of the
profiles may be much altered. The vertical integration acts
somewhat as a filter.

Obviously, the main problem with <V> is its determination
since complete profiles V(z) are not generélly available. We
therefore need statistical relationships between <V> and Vg'or
VLS(h) (see Fig. 6). We need more data of this sort before
reliable empirical relationships can be derived. The relationship
between <v> and V(h) can also be derived semi-empirically using

the exponent p of the power-law profile (Joffre, 1984a)

V (h)
p+1

{v> = (15)

Since the exponent p is not a universal parameter it depends on
the flow Reynolds number Re =z V/v and on the surface Rossby
number Ro==V/fZO in addition to its normal dependence on h/L,

and h £/U, (v is the molecular viscosity and f the coriolis para-

meter) .
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4.2.3 The geostrophic drag coefficient and the wind ratio

In section 2.2 we presented the basis for using the concept
of drag coefficient, which is the simplest way of relating a given
wind to the surface stress (Egs. (3) and (4)).
Figure 7 represents the dependence of the geostrophic drag
coefficient Cg =(u*/Vg)2 on the st?bility parameter h/L, based
on ISABLEX-77 data. The value of 10 ><Cg decreases from 1 under

unstable conditions to 0.4 uhder stable conditions. For the UtO

data, Joffre (1982a) found that 103 XCg varies between 2 and 0.4
from unstable to stable conditions, respectively.

In concordance with the findings in the previous section, since
the averaged wind <V> might be less affected by observational

noise, it may be preferred to Vg’ and the coefficient Cf:=

(u*/<V>)2 varies for the same conditions from 1 to 0.5 but with

less scatter in individual values (Joffre, 1983b) .
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Fig. T: Dependence of the geostrophic drag coefficient Cg =(u*/Vg) on

thermal stability with an indication of the standard deviation and the

number of observations in each mean value.

As to the wind ratio VS/Vg ’ it\varies between 0.8 and 0.4 for
unstable and stable conditions, respectively, whereas the ratio
VS/<V> varies less for the same range of conditions, namely
between 0.75 and 0.55 . From the Ut6 data we obtained 0.78 for

the ratio VS/VB under unstable conditions and 0.68 under stable

00
conditions.

4.2.4 Effect of baroclinity and acceleration

The dependence of the drag coefficient or wind ratio on stabil-
ity described in the previous section is not all. It is known, but
too often ignored, that thermal wind effeqt (geostrophic shear)
can distort ABL structure (e.g. Hoxit, 1974; Arya & Wyngaard,1975) ;
this too has been observed in our data (Joffre, 1982a and 1984b)
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Fig. 8: Dependence of the cross-—isobar angle o =a, —a on the orienta-
tion BS of the thermal wind with respect to the surface wind measured
counter—clockwise from the latter to the direction of the former.

+———+ Isablex~-T77, (e) Utd ice-covered cases, (A) Utd stable cases,

(@) Utd unstable cases. The theoretical dependence according to Arya's
(1975) model is illustrated using mean ISABLEX-77 conditions (dotted

line) and mean Utd-site conditions (continuous line).
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Fig. 9:. Same as Fig. 8 but for the geostrophic drag coefficient.
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as is illustrated in Fig. 8 . The angle BS represents the orient-
ation of the thermal field (isotherms) with respect to the surface
wind direction. The cross-isobaric angle % between the isobars
and the surface wind increases under cold advection conditions
and decreases for warm advection. The amplitude of the effect,
depending on the intensity of the thermal wind and on the parameter
«V>/u,, was ’b200 in our case. The actual wind veering, on the
other hand, increases under warm advection. '

The ratio VS/Vgo (where Vgo is the surface geostrophic wind)
is also affected but with a maximum for parallelism of isobars
and isotherms and a minimum for antiparallelism (see Fig. 9). The
exact position of the maximum (or minimum) can be shifted accor-

ding to stability conditions .

Furthermore, inertial effects can also cause distortion of oy
and Cg' The angle oy is the maximum for acceleration along the
u-component and the minimum for deceleration along the u-component
direction (v being constant). The coefficient Cg is the maximum
for deceleration of the v-component (u constant) and the minimum
for a time decrease in the same v-component (Fig. 10). Here, too
these sine or cosine-like curves can be shifted backwards or
forwards according to stability conditions and the value of the
scale height ratio h.f/u*. The amplitude of the wvariation in oy
was A,20° whereas Cg doubled from acceleration to deceleration
cases. The importance of the dynamical parameter h'f/u, has been
pointed out in many instances during this research (Joffre, 1981,
1982a, 1984a and 1984b) and by Arya (1975, 1977 and 1978).

Naturally, in practice it is a hopeléss task to extract from
observations the separate effects of stability, baroclinity and
inertial effects. For the inertial effects, some conclusions
‘have been presented by Hasse (1976), Mahrt (1974 and 1975) and
Joffre (1984b). However, many observations still have to be
analysed and stratified into relevant groups of external conditions

so that sound statistical information can be obtained. So far,

numerical modelling is the most appropriate way of éomputing

these effects.
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fﬂ Fig. 10: Theoretical dependence according to Hasse (1976) of the root-

[ square of the geostrophic drag coefficient (+ -~ -+) and the cross-isobar

angle o (A—A) on the orientation WO of the acceleration vector
:%2 (-3v/9t , du/dt) with respect to surface wind, taken positive for counter-
J

Ll
‘r clockwise rotation from the direction of the latter.
J . ,

4.2.5 The evolution of the ABL height

First of all, the main difficulty with the ABL height h is
determining it from profiles of mean quantities since the profiles
i of turbulence guantities are not generally available. It is gene-
: rally believed that a more or less abrupt shift from a turbulent
W to a non-turbulent medium should leave in the profiles of mean
¥ guantities a trace at height h, representing the depth of the
layer of active turbulence. Although this is sometimes true, it
i is far from being a universal rule and, what is more, fluctuations

in the profiles often confuse the whole picture and subjective

judgment is necessary when deciding where to set h.

Oour subjective determination of h was checked by an objective

[ one using the momentum and heat balance constraint. The turbulent
E fluxes were taken as the residual of the equations of motion and

temperature, with h corresponding to the level where‘those fluxes

w tend towards zero. A radiative model was included in the stable
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case to account for infrared cooling. The method and results have
been presented in detail in Joffre (1981). Although the scatter
was large, the agreement was reasonable.

Since the ABL height is seldom determined from routine obser-
vations, we are left with two alternatives for assessing h: the
use of either a diagnostic or a prognostic relationship. Unfortu-
‘nately, the best method available has long been a subject of
debate in the literature especially for the stable case (e.g.,
Yu, 1978; Mahrt et al., 1982) and the problem has still not been

solved. Many of these formulae contain turbulent quantities which
themselves are unknowns and have to be predicted. Furthermore,

the variability in these uncertain turbulent gquantities can'make
the computed h vary much more than it does in reality. Joffre
(1981) has even found that an additional scale involving the upper
stratification is necessary to describe adequately the variations
in h. The approach like that presented by Stull (1983a and 1983b)

using bulk external parameters might be more promising.

The growth of the ABL occurs through entrainment processes at
the top of the ABL. Prediction of the average wind shows that
entrainment effects tended to be small in our observations (Joffre,
1984b) . However, we showed that the dimensionless rate of entrain-
ment ﬁe =u;_13h/3t in some clear situations corresponded to
situations located between the laboratory results of Kantha et al.
(1977) and Kato & Phillips (1969) as can be seen from Fig. 11

(Joffre, 1982c). The former corresponds to a two-fluid experiment
and the latter to an initial linear stratification. Data of

Kullenberg (1977) from the Baltic Sea lead to the same conclusion

as shown in Garnich & Kitaigorodskii (1978) . This indicates that

the mechanical production of turbulence in the surface layer and
in the interfacial entrainment layer at the top of the ABL is the
basic ingredient during the central phase of the deepening (see
Phillips, 1977; Niiler & Kraus, 1977; Kitaigorodskii, 1979 and
Tennekes & Driedonks, 1981). Furthermore, Joffre (1981 and 1982c¢c)

showed that the simplified Froude number closure of Pollard et al.

(1973) gave satisfactory results for modelling the time evolution
of h.
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Fig. 11: Dependence of the dimensionless entrainment rate ne on the
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bulk Richardson number Ri*==(g/OO)I1AO/u* where A@ 1is the inter-
facial temperature jump. The two curves refer to laboratory experiments

of Kato-Phillips (KP) and Kantha-Phillips-Azad (KPA), respectively.

In our case of winter-time ABLVover a smooth surface it may be
just as good to take a constant h (or two distinct constant values
for stable and unstable conditions, respectively) . For instdnce,
the average wind modelling done in Joffre (1984b) was also perfor-
med with h =400 m and the results did not show a significant
departure from what we got using the actual observed h; only under
very stable conditions, was the departure noticeable. Another
advantage of the 400-m level is that it corresponds on average
to the standard 950-mb level. Numerical forecast models generally

provide various quantities at this level.
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5. STATISTICAL MODELLING

5.1 Wind statistics

Figure 12 shows the statistics of wind quantities separately
for the two field experiments ISABLEX~77 and 79 where Vg is the
10-m observed wind from the mast, VAS is the observed wind at 25 m
at Kemi Automatic Marine Weather Station (AMWS), and WLW is the
estimated wind at thg/EMI. The idea behind the diurnal course of
wind statistics isrgﬂat the time of the day is correlated with
stability conditions,”for instance with the Richardson number Ri
as it was shown withlphe-1977—data (see Fig. 17). However, it
would have been befgér to stratify these statistics into, e.g.,
wind direction groups in order to retrieve coastal effects (Kemi
AMWS is\qlose to.the coastline, V50 km). Also, Joffre (1978, his
Fig. 5) showéd for the Utd data that wind direction was well

correlated with a 16¢al bulk Richardson number.
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Fig. 12: Mean diurnal course of different wind velocities during the field

experiments ISABLEX-TT and T79.
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Note the significant difference between the two years since
in 1979 the mean surface wind speed was about 2 m/s lower than
in 1977. In fact, ISABLEX-77 was a good sample of real conditions
for scientific work since three low-pressure systems swept over
the eXperimental site during. the period of 15 observational days.
The two-peak structure in the VAS curve énd the weaker one in the
VS curve in 1979 suggest some kind of bidiurnal oscillation con-
nected with a mesometeorological phenomenon or forcing such as a
diurnal variation in the horizontal gradient'of the téemperature
field or a diurnal temperature cycle over topography (Pinty &
Isaka, 1982; Holton, 1967; Bonner & Paegle, 1970). In 1977, it

was the computed geostrophic wind Vg that displayed a two-peak
structure whereas the surface wind had a conventional diurnal
cycle with a maximum in the afternoon. Thus, the two-peak struc-
ture seems to be correlated to the presence of a weaker flow.
of 10 % has
been observed (Roth, 1981) with a maximum at 6 GMT ahd a minimum
at 18 GMT.

The averaged 3—hdurly data for the first five months of 1979

Note that over West Germany a diurnal variation in Vg

display a very smooth appearance (Fig. 13). Note that the estimated

local wind W is close to the wind data of Kemi-AMWS, since these

LW
latter are the only offshore data in the area; this is somewhat

misleading since surface wind should refer to the 10-m level,

data are from 25 m.

whereas the VAS

12 B
Figure 13:

10~ — Mean diurnal course of the

a ' -l  geostrophic wind Vg , the

sk |  Kemi-AMWS observed wind VAS
and the local wind estimate
- ]

—__Tajjjjgl—“ W‘i:?QtT::Q:thA~l&S_ Wy, for sea area (1) during
, Rﬁ the period January-Msy 1979.
_\V’ LW1_1
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At this point we may well ask what wind information seafarers
need, or whether the 10-m wind has any relevance for them. We can
note that people in charge of a ship's manoeuvers coordinate oper-
ations to their own wind measurements, mostly from an anemometer
along the mast at heights of 20-30 m. Consequently, wind data or
prognosis should be provided to them as a quantity to which they
can easily adjust mentally. Taking typical conditions (zo =5x10~"m,
implying u, =0.58 m/s from Charnock's formula) we obtain u(10 m) =
14.5 m/s, u(20 m) =15.5 m/s and u(30 m) =16.1 m/s. Note that this
variation Au v 2 m/s over 20 m vertically can be also found over
horizontal distances of 20-200 km, which raises the problem of
spatial representativity. Thus, the predicted wind at 10 m would
be a clear underestimation in the seaman's eyes. For this reason,
it is fair to calibrate wind forecasts with the wind observations
at the Kemi-AMWS 25-m level. On the other hand, the screen effect
of the tower with direction ranges of accelerated flow and other
direction ranges of decelerated flow is no trivial matter and
these effects should be studied very accurately.

Figure 14 brings yet another dimension to the complexity of
the atmosphere's behaviour. It shows the intermonth variation in

wind velocity at Kemi—AMWS and in geostrophic wind. Thus, it

T T T T
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12k J Mean diurnal course of the
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stresses the importance of having large data bases stratified
into relevant classes so that significant statistical models can
be developed.

The standard deviation for predicted or observed surface winds
is around 3, m/s and does not seem to depend on the time group.
The fact that the estimated wind fluctuates on average in the same
way as does the observed wind is a positive feature. On the other
hand, the computed geostrophic wind has a larger standard devia-
tion, about. 7 m/s, i.e. 50 % of the value of the mean. The weak
dependence of the average wind on the hour of the day as it appears
in these figures is also an indication that other factors, e.g.,
wind direction, are more important. The differences between the

estimated wind in area 1 (WLW1) and area 2 (W indicate signi-

LWZ)
ficant mesoscale effects as observed during the JASIN-experiment

(Burt et al., 1974).

5.2 Statistics of wind ratios

Figure 15 shows the different ratios computable from the wind
data for the 1977 and the 1979 field experiments. For 1977 one
notices that the ratio between the estimated local wind WLW and
the observed wind shows a peculiar peak at the morning transition.
This is probably because the observed wind Vg becomes very weak
at the stage of the maximum surface inversion before sunrise, but
this effect is not considered in the estimated local wind. The
change of the meteorologist on duty in the early morning can be
also the cause for the observed discontinuity in the estimate of
the wind field. Apart from this peak, which extends over three
time groups, the ratio WLW/VS = 1.15, i.e. a 15 % overestimate.
In 1979, the ratio WLW/VS does not display the early morning
peak of 1977. Now the ratio decreases steadily from a maximum of
v 1.4 in late afternoon through the night to a minimum of ~ 1.1
in early afternoon. Thus, the agreement between observed and

predicted values is closest in the middle of the day with an

overestimation of ~ 10 % .
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Fig. 15: Mean diurnal course of different wind ratios for ISABLEX-TT7 and
ISABLEX-T9.

One possible explanation for the sudden rise in the ratio
WLW/VS in late afternoon is again the incapability of the surface
analysis to cope with stable conditions. The improvement in the
fit through the night may be because the meteorologist has received
information and thus corrects the estimate. It is also noteworthy
that this ratio has very large standard deviation values (' 0.43

m/s); the real picture is therefore even less positive.

Comparison between the mast values VS and the data from Kemi-

AMWS shows that the ratio VS/VAS varies irregularly between 0.7

and 0.9. The majority of night values are around 0.7 whereas the
ratio seems to increase from sunrise to 0.85 in mid-afternoon.
Apart from differences on the mesoscale, the velocities differ
owing to different measurement heights. Using Eg. (6) this can

be expressed as

\Y In(10/2z_ ) - V¥
- o) ul0 (16)
AS ln(25/zo) - wu25
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Taking typical values for the roughness of the sea surface

(z =10-2 =10~° m) we obtain a ratio ranging between 0.93 and 0,91
under neutral conditions (Wu_=0). Under unstable conditions, with
L, =-50 m the ratio rises to 0.96 and with L, =-10 m to 0.97.
Under stable conditions, on the other hand, the ratio VS/VAS is
affected much strongly. For moderate inversion (L, =50 m) the
ratio is 0.84 but under strong inversion conditions (L, =10 m)
0.67 . This is because increased shear implies suppressed surface
wind and consequently a lower VS/VAS ratio. These numerical exam-
ples also point out the sensitivity of the results to changes in
stable stratification.

The ratio V /V , which can be used as input for wind predic-
tions, has a sine- llke behaviour with a minimum of 0.55 at the
morning transition and a maximum of 0.9 at the beginning of the
night. Note that this is not a logical result (see e.g., Joffre,
1982a) since the ratio should have a maximum (v~ 0.8) in the middle
of the day because of shear. This result might be due to the
difficulty of fitting the pressure field with polynomials under
weak gradient conditions when the flow is not precisely defined
and meanders about. From the curve VS/Vg we see that the morning
and early afternoon trend is right. This calls for the development
of other techniques to enable us to compute the horizontal grad-
ient of fields defined at grid points. A better approximation to
nocturnal or winter-time anticyclonic flow might be obtained
using the 850-mb field, which has to be reduced downwards.

Aagaard (1969), Hasse & Wagner (1971) and Hasse (1974) presented

also scatter statistics of surface to geostrophic wind relation-

ships at sea.

The 1979 data show the same error but now the ratio is much
lower owing to the large computed geostrophic wind values. Note
that the ratio W/ /V follows the ratio V /V closely. Studying
the ratio W /VAS between the estimated local wind in area 1 and
the observed wind at Kemi-AMWS we see that the agreement is not
bad in the daytime but that the predictions overestimate the wind
at night because of a deficient allowance for stability (or a

biased data base). The standard deviations are very large at
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Fig. 16: Same as Fig. 15 but for the period January-May 1979.

night (4, 0.48 m/s) but moderate in the daytime (An0.20 m/s).
Turning now to the mean ratio for the period January-May 1979
shown in Fig. 16 , we note that W /V 2 1.1 at the beginning of
the night but falls to a value of 0 95 later in the night. Thus,
the local wind estimate WLW is systematically too strong under
stable conditions. As to the ratios V /V and WLW/V ,they both
seem to be too high (~0.85-0. 95) 51nce the ratio between surface
and geostrophic wind is typically 0.8 under unstable conditions
and 0.6 under stable conditions. Such ratio values would mean
that VAS is also too high, possibly because of an accelerated
flow around the lighthouse tower. If this effect is real, it
should be carefully investigated and retrieved from the data
before the automatic station data can be used appropriately
(see Blanc, 1983; Kahma & Leppdranta, 1981; Wucknitz, 1980) .

5.3 Statistics of wind direction

We compute the differences between the various wind concept
directions. In 1977, the computed geostrophic wind direction ag
compared with the observed wind og at the experimental site from
the mast shows a typical diurnal cycle well correlated with the

course of the Richardson number also computed from mast measure-

ments (Fig. 17).
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The cross-isobaric angle ao-=ug m g had a minimum in the day-
time (’h400) and a maximum at night (41700) Although this trend
is qualltatlvely right, the numerical values are very large and
indicate some systematic behaviour in the computed geostrophic
field (either erroneous or maybe due to cold air advection). The
deviation in the predicted local wind direction 0w from the FMI
from the observed direction 0 displays the same diurnal trend.
The deviation is now close to zero for the three time groups in
the middle of the day, but it increases by up to 40° at night.
Thizs also indicates a systematic underestimation of wind turning
under strongly stratified conditions and/or a biased data base
together with the fact that the flow field is often badly defined
at night.

.In 1979, most of the wind direction deviations had a minimum
in the daytime ( + 10°) ‘and increases at night (Fig. 18), again
stressing the problem connected with the night-time flow. For

example, since a ~og is smaller during the day than at night,

AS ‘
thiss means that there are smaller diurnal differences in the flow
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Fig. 18: Same as Fig. 17 but for ISABLEX-T9.

on the mesoscale than there are at night. In consequence, fore-
cast on a small gridmesh should be easier for daytime conditions.
Here again the standard deviations in.the differences were trem-
endous (v i1000). Note also that the cross-isobar angle shows

a backing due to either the above difficulties with the Vg vector

computations or peculiar baroclinic conditions.

Taking the mean for the first fivehmonthsrof 1979 gives large

variations in the deviations « o and o agA whereas

as "~ LW
9w~ %as is rather constant (~-10") all day, confirming the

calibration of local wind estimates on the Kemi data (Fig. 19).

Note that the difference (aLW-ag) generally contains more data
than the two other differences, thus, explaining the phase shift

between o - and o

LW g AS'-ag although the angle Orw ~ %ag 1S
practically constant.
It can be noted that aLW-ag and aAS-ag change sign during

their diurnal cycle‘so that if day day averages were taken the
overall mean difference would be closer to zero, thus implying

a fair agreement. The difference «o -ag could be fitted by a

LW

AS
a m/2-phase shift between them.

cosine-function and a -ag by a sine-function. Thus, there is
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6. SURFACE WIND MODELLING

{3 6.1 Background of the model

. Accurate simulation of surface processes over sea areas

| requires knowledge of the atmospheric inputs (momentum, heat and

1y mass) in connection with weather variations. Here we are basical-

ly concerned with the simulation of the surface stress, and we

can model it in three ways:

- a) direct simulation within an ABI model (e.g., Brown & Liu,
1982; Busch et al., 1976);

- b) by connecting it to the near-surface flow ( lowest grid
point or surface wind.VS), e.g., Pease et al. (1983),
Macklin (1983) ;

- ¢) by connecting it to the upper flow (Vg » V(h) , <V> , V(900 mb)
or V(850 mb) ), e.g., Feldman et al. (1979 and 1981), Kau
et al. (1982).

| Method (a) would require us to solve the Navier-Stokes equa-
it tions at the grid points. The complexity of a turbulence model

implies that its outputs are at the same level of accuracy as

its inputs. This is not fulfilled for average mean winds over

|

i
1
‘|
1
st
i
!l
/|
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large areas. Furthermore, it requires various input data or boun-
dary conditions which are generally beyohd our grasp on the
routine level.

The simplest approach of a statistical model (as in (b) and
(c)) using one or more suitable predictors explaining, let us
hope, most of the variations in the considered parameter might
then be more relevant in certain cases. Better accuracy could
obviously be achieved by considering several predictors, but
it is not always easy to extract the isolated influences of each
parameter from data sets. On the basis of the previous results

we choose the quantity <V > as the main predictor for the

surface wind since it is é?gzely related to Vg (see'Joffre, 1983b,
Fig. 8), the main external driving force, and it is little affec-
ted by stability (Fig. 20). In this figure, there are some points
400> which do not follow the‘smooth

increasing trend observed at lower speed. These points correspond

corresponding to strong <V

to some transitional neutral cases and to uncertain stable cases:

15L 1 1 1 l‘ ‘ 1 1 1 1 I 1 1 T |
10+ I
- ++ A n
Vs i 4{5]E]D .
(m/s) T & aal
- + DD -
N + + -
5L + % O & A
N + A ]
- %DD ++A -
| £]ﬁ%ﬁ€b#§ 1
O |
0 L1 |+| O S W N DU TR S S
0] 5 10 15
(V&oo)(n1/s)

Fig. 20: Scatter diagram between the observed surface wind VS

during ISABLEX-T77 and the vertically averaged wind <Vh00>'

(A) near-neutral, (@) stable and (+) unstable cases.




these few points are not included in the linear regression fit.
We note also that while the trend between VS and <V400> is linear
for bulk velocity less than 7-8 m/s, the trend seems to increase
with velocity at higher bulk velocity. However, we lack high

velocity wind observations, and the consequences of this will be

observed in the next section.
The surface wind direction is determined using the ABL mean

1
wind direction o defined as (with V.= (u? +v?)?) :

— -1
a, = tan (<v400>/<u400>) . (17)

This bulk cross-isobaric angle is weighted statistically using

B the observed values.
VS still has to be related to the surface stress and this is

strongly dependent on thermal stability. One way round this

problem is to lower the reference level to, say, ca. 1 m, so

that we are always within the dynamical sublayer where buoyancy

1; effects are not important. We already know that a well-defined

linear relationship exists between the stress and this low-level

i wind V1 (see Fig. 4). Furthermore, the ratio V1/<V400> is well

il defined (showing small scatter) and depends smoothly on stability

( ‘(Fig. 21) . Note that this minimum wind'V1 is not intended for
practical purposes (since it has no real meaning above, for
instance, a rough wavy sea surface) but as an intermediate tool

for forecasting purposes.

; f e S
6
| 0.2} 2 & o
= d
| oL v e
I —2 -1 0 1 2 3
(L,7|L}) log (h/|L,])

i Fig. 21: Dependence of the ratio V1/<Vh00> on thermal stability h/L, . The

figures refer to the number of observations included in each stability group.
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Table 3 shows the variation in the linear regression coeffi-

cients between the surface wind VS and the geostrophic wind Vg

and between the observed wind direction o and the geostrophic

wind direction ag for the eight time groups (00.30-03.00 , 03.30-

06.00 , etc.). Thus,

a model based only on Vg

should include a

stability dependence whereas <V> was independent of stability

(fig. 20).
Vs Vg g VS e

Group r a iy a b Ri

% 1 .88 461 1.5 .80  .897 -61. .093
2 87 .509  0.59 79 .82 -33. .084

i 3 .82 .502  0.35 Oh .89k -27. .026
b 82 .539  0.10 97  .868 -30. -.168

5 .89 .645  0.15 .97  .850 -31. -.182

6 .87 .739 -0.83 .97  .981 -53. -.008

7 .79 .513 1.3k .98 1.213 -85, 079

8 81 k30  2.09 .93 1.154 =81, .088

Table 3: Values of the coefficients in the regressions Vé =a,Vg4-b

and %5=21ug-+b ,with r the correlation coefficient. Ri is the aver-

age Richardson number for each group based on mast measurements.

Only cases with v >2 m/s are included in this Table.

6.2 Results

Using the 1977 profile data base (observations at irregular

times and only between 6 a.m. and 9 p.m.), we can simulate the

course of the surface wind at’synoptic hours during the March-

April 1977 period. Thus, although individual test data are dif-
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ferent from the calibration data, they belong to the same weather

patterns. These results are compared with the local wind estimates

WLW made at the FMI. These wind estimates are also used at the

FMI as input data for a statistical model (Lange, 1973) based

on prediction from a numerical forecast model with correction

from wind statistics to allow for diurnal, seasonal, orographic
and meso&cale factors. It is basically a regression model based
on a small data base. The basic flow is modified by only a few

Fourier harmonics; effects such as stability and baroclinity are

‘ not explicitly accounted for. Finally, before they are released
|t to the users, the numerical local forecasts are corrected subjec-

tively by the meteorologists on duty. Forecasts are given every

six hours up to 36 hours for eight sea areas (see Fig. 2).

Our model, on the other hand, tries to account implicitly
better for physical effects such as diabatic forcing and distur-
bing effeqts such as baroclinity and inertial acceleration, which
are taken as small perturbations on the basic state. It is not
1% a time-dependent method and thus it requires knowledge of the

predicted large-scale flow.

The results are shown in Figs. 22 and 23 for the two experim-

ental sites, respectively. We define the fractional error Oy as

( v -V
: OV = 100

prd obs

(18)

1
2(Vprd * Vobs)

in order to test the agreement between the predicted wind Vprd
and the observed wind Vobs on the mast. As it appears in the
Figures our bulk model gives better results with 0V==(—19.5i 27) %
in March and 0V==(—2.1i 25)% in APril. The FMI estimate.WLW
yields ov==(23.51:43)% and (9.2 + 28)% in March and April, respec-
tively. Moreover, the smaller standard deviations in the bulk
model indicate that, on average, erroneous forecasts are' less

serious than when using the FMI estimate. The positive sign of

il Oy for the local winds indicates that it overestimates observed

10-m winds (see § 5.1), although it may underestimate ship's

wind recordings from the mast top. The negative values of Oy
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Fig. 22: Comparison of the FMI local wind estimate (Thick continuous line)

and our bulk statistical foreéastl(dashed line) with observed 10-m wind at

site 1 during ISABLEX-TT.
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Fig. 24: Comparison of predicted 1-m wind with the bulk model (dashed
line) with observed 1-m wind velocity during ISABLEX-TT.

(underestimation) of our bulk model are partly due to the fact
that the data base did not contain strong wind cases owing to
the difficulty of observational work under these conditions.
This calls for more data especially during stormy weather
(ISABLEX—79 was of no help in this respect).

Figure 24 shows the prevision for the V1 wind; the agreement

appears to be quite satisfactory.
ISABLEX-79 was so unusual with many uncertain weak winds and

a peculiar, very strong computed geostrophic wind that compari-

i son with observations was meaningless. Fitting a simple linear

i regression between Vg and VS for the 1979 data (N =32) gives
v, =0.172 Vg»+1.85 and a correlation of 0.38. For the ISABLEX-
T 77 data (N =47) the same fit gave VS==0.524Vg-+0.85' and a
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correlation of 0.82 . These results clearly show the distinct

flow conditions during the two experiments.

A noteworthy feature is the forward shift noticeable at the
start of unsteady periods in the local wind WLW together with
the geostrophic wind with respect to observations. The increase
in wind or the change in wind direction are by and large predic-
ted to start about 6-9 hours before they are observed. This may
be attributted to a sampling error during the geostrophic wind
calculation procedure, which takes grid points 2 x 150 km apart
to compute the pressure gradient; thus, in rapidly changing
situations each grid point does not reflect the same flow
pattern. This effect was empirically corrected in our bulk model
(see Joffre, 1983b). This effect stresses the importance of
numerical field analysis and of recognizing that unwanted arti-
ficial features can be introduced via the analysis.

The results of the method are encouraging enough to incorpor-
ate additional observation data in the statistical regression
and thus to extend the applicability of the method. On the other
hand, the difficulty associated with the geostrophic wind, espe-
cially under stable conditions, calls for an alternative method
involving, for instance, the upper level driving flow, e.g. the
900~ or 850-mb wind or the 850-mb geostrophic wind or . the output
wind from a numerical forecast model like that of the ECMWF
(European Centre for Medium Range Weather Forecasts). We have
compared here the wind analysis estimates of the FMI to real
of fshore data, however, it would be enlightning to compare these

Observations to the actual predictions of Lange's (1973) model.
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7. RECOMMENDATIONS AND CONCLUSIONS

7.1 Potential modelling algorithms

Now we turn to the problem of possible operétional routines
providing necessary inputs to oceanographic models (e.g., ice-
drift model, water-level models). It is to be noted that, for
historical reasons, different models needs different inputs

(Rinne et al., 1984) although they all need the surface stress

in the end. Moreover, although meteorological data are computed
over large domains (v 150 km), oceanographic models use a much

finer gridmesh (~n 30 km). Thus, it is necessary to incorporate

different reduction routines. They can be grossly divided into

two main groups: models requiring either surface inputs or

upper-layer inputs (see Table 4).

ECMWF / SMHI

_______________________________ _‘L_ PSSV
SLAM
UPPER-LAYER DATA: > SURFACE. DATA:
900 or 850-mb wind 10-m wind
and temperature 2-m temperature

T~

STATISTICAL FITTING

!

Tocal Wind Forecasts

—

SUBJECTIVE CORRECTION

N e/ S

—————— - Yy SEA_SURFACE

OCEANOGRAPHIC MODELS k———— temperature, sea-level,

ice situation

Table 4: Flow chart of possible data transfer and modification from Direct

Model Outputs towards surface wind predictions.




—-47-

Obviously, a third way would be to provide the stress or u,
directly but, at the present stage, meteorological models do not

have such output. .
- a) surface inputs:

The ECMWF and SMHI models can furnish temperature and wind

forecasts close to the surface (2 m and 10 m, respectively) on
a grid (Ax =150 km). These are called Direct Model Outputs (DMO)
and they describe large-scale flow conditions so that they
should be corrected statistically to fit real local conditions.
Moreover, the interpolation for sea areas uses land grid points
as well, and thus a suitable weighting procedure should be
incorporated. 7

The statistical calibration can be performed in three differ-
ent ways (Table 5). Note that the problem in alternative (3) is
the small number of observing stations and the interpolation to
a small grid, especially close to the coast where conditions
change drastically over a short distance. On the other hand,
alternative (3) 1is easier to perform because the required obser-

vational data base is available.

‘://////////’“DATA ON A 150-KM GRID

INTERPOLATION OF ~ FITTING TO FITTING TO N
DATA TO THE OPEN SEA/COASTAI, ZONE SURFACE OBSERVING
OT-KM GRID SURFACE CONDITIONS STATIONS

11 ' 2 3
FITTING TO INTERPOLATION OF INTERPOLATION OF
OPEN SEA/COASTAL ZONE FITTED DATA TO THE FITTED DATA TO THE
SURFACE CONDITIONS O7T-KM GRID 27-KM GRID

“\\\\\\\\\\\\\\

T~ I.M.R.

Table 5: Possible statistical interpretation schemes of DMOs towards surface

forecasts on a fine grid.
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~ b) upper-layer data:

Temperature and wind (geostrophic or actual) forecasts on a

150-km grid can be obtained from various numerical models at
D 1000, 900 or 850 mb. These data can also be reduced statistically

to surface quantities by statistical methods.

i There are two main methods of statistical interpretation for
| reducing the model outputs. One can use older observational
material of concomitant upper and surface data to be applied to
numerical forecasts (Perfect Prog technique) with the assumption
that forecast upper data are exact. This is the method applied
in section 6. Or one can use a data base consisting of previous
! forecast upper data. This method can eliminate the systematic
errors of the numerical forecast model but it has the major
X drawback that the available material generally covers a short
i period. Both techniques are based on regression analysis inclu-
ding several predictors. ‘

It is evident that the ECMWF model, by the time the Limited
Area Model (SLAM) of the FMI has shown its capability, has the
potential to match a great number of different situations because

of its complexity and extensive computational background. The

recently opened direct link between the FMI and IMR computers
now permits trouble-free transfer of data. Note that the ECMWEF
i model is aimed at medium-range forecasting; short-term forecasts
i may therefore be hampered by an initial lag of ~ 14 hrs in data
ﬁ' assimilation, but this is only likely to be serious during rare,
j rapidly changing situations. Then, the SLAM of the FMI may give
| ' better results by using newer input data. This danger could be
f avoided with a routine comparing the first forecast field at 00%
with the new analysed field of the FMI or by comparing only the
forecast surface wind with the statistically regressed surface
wind using the most recent pressure or wind field.

The ECMWF forecasts are currently available on a 150-km grid
in table or vector representation. The present scheme at the
FMI interpolates them to the centre of four sea areas covering
the Bothnian Bay and the Bothnian Sea. The first comparisons

] performed at the FMI (Kukkonen, 1982) show that these predictions

N
o
—’
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are fair. However, the comparisons were not performed against
real observations, since they are lacking over open sea areas.
Moreover, the test consisted of only a short summer period. This
stresses the importance of having automatic maritime weather

stations functioning all year round.

If one assumes that we have reliable meteorological data on
a 150-km grid, it appears that the crucial step is the interpol-
ation down to a local scale. Here we have only used a second-
order polynomial technique. Third-order polynomial techniques
might not give better results since the procedure requires more
outermost data and in the case of the Bothnian Bay, this means
more continental data to determine pressure gradients at a sea
site. A fundamental drawback of polynomials is that meteorologi-
cal fields do not follow polynomial distributions. A more appro-
priate method might be the bicubic polynomial splines dividing
the grid size into 8 subintervals as successfully used for
water level predictions by H&kkinen (1980). A more exact descrip-
tion of the wind field is necessary under rapidly changing
conditions, although this is smoothed out during the 6-hours
intervals between pressure field analysis at the FMI and for

complicated flow patterns.

7.2 Further work

The theoretical work carried out during this investigation
improving our understanding of some of the processes involved
in the transfer of momentum from the atmosphere to the sea
surface has cleared up certain issues and provided numerical
estimates of certain parameters necessary for surface stress
modelling. This stage can be considered to represent the end of
the basic research since similar additional investigations will
not bring much more information owing to the stochastic nature
of turbulent processes and the large empirical noise present in

observations. We have already started a second phase of research

aiming at acquiring statistical knowledge of the relationships
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between different meteorological quantities. We have ménaged to
extract a representative predictor <V> and reject another one,
the geostrophic wind. However, these studies have been carriéd
out with a small data base from a special observation campaign.
Implementation for statistical purposes requires many years'data
and for this purpose the only data bank is that at the FMI. One
strategid'issue is to define appropriate and physically represen-
tative data groups by properly and judiciously stratifying the
data base on at least two levels (e.g. groups according to wind
direction and these further into time of the day groups); note
that grouping in the opposite order would lead to different
results. Oﬁ the other hand, these long series of routine data
do not contain all the details of external and internal parame-
ters included in field experiment data. Consequently, these two
sources of . information should be combined and the work continued
where the data banks are,by scientists skillful in data proces-
sing and nqmerical analysis. Especially statistical calibration
of ECMWF fdrgcasts with surface observations should be pursued
and encouraded.

In any éése, the first and perhaps the most important step
is to decide the source and type of basic wind input. We saw
that in many instances the geostrophic wind presents certain
theoretical and especially observational drawbacks. Joffre
(1984b) shows that any observed wind concepts are a better
estimate than Vg since we avoid. the problem of relaxation'of
the non-divergent homogeneous geostrophic flow towards the actual
flow field. Thus, the balanced wind at 900 or 850 mb from either
the ECMWF'ér'tHe Finnish SLAM model may constitute a better
starting point. This is particularly true under stable strati-
fication conditions (night gituations- or winter-time anticyclonic
situations) when tHe geostrophic wind is Hardly computable from
the undefined pressure field.

The next step would then be to relate this upper wind to

surface values, taking into accourt various stability, barocli-

nity, roughness and acceleration conditions. Since these 10-m

wind forecasts are available from a sophisticated global numer- iy
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ical model, all the parameters required for assessing factors

(time changes, horizontal gradients of temperature and/or wind)

perturbing the concept of a constant drag coefficient are avail-

able or computable directly from the model, thus permitting a
great deal of complexity.

However, in order to have adequate products, correction and
inﬁerpolation are also necessary on a local base, along the
lines mentioned above, the final purpose being to differentiate
these statistics on the mesoscale in order to take regional
differences into account. The data from the AMWSs could be very
valuable at this phase. Likewise, the reliability of these AMWS
data should be investigated since the flow can be distorted by
the bulk structure of the lighthouse and their representativeness
altered by the vicinity of the coast for offshore wind conditions.
This type of fine testing of routine observations should be
extended to all coastal stations in order to estimate local
distortion of the flow (by nearby trees, houses, etc.) and the
influence of the coastline on the observations on the meso-y

scale.

Note also that ECMWF outputs or AMWS data could be used to
refine our bulk model by allowing direct assessment of stability
conditions since the model provides the 2-m level temperature
and the AMWS data provide surface layer air temperature and
water surface temperature. In the case of ice-covered sea, only
some rare radiometric observations from aircraft can provide
ice surface temperature and a routine for rapid assimilation
of these data should be developed. This prompts the need for a
numerical model at least for diagnosing ice/snow surface tempera-
ture as a function of meteorological inputs.

It must be pointed out that a drag coefficient concept is
still needed to enable us to obtain the surface stress from the
surface wind; efforts must therefore continue to parameterize it.
For instance, an alternative method would be to scale the surface
wind computation of the Perfect Prog procedure of Joffre {1983b)
or any other with the ECMWF 10-m wind in order to obtain the
1T-m wind and thus the stress without knowledge of stability (see
Fig. 4).
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Yet, no studies have been performed to test the sensitivity
of the different oceanographic models to establish which, of
VS ,V1 ,Vg , <V> , V(h) or WLW wind concepts, is the best approach
for the model in question since they may have an internal struc-
ture (numerical schemes, time-scales, damping factofs, etc.)
which favours or repulses one or several of the different wind
approaches.

Finally, the development of numerical or statistical methods
must not let us forget that the real test lies with case studies.
While previous experiments had stressed the vertical structure
of processes at one point, the next generation of field experi=
ments should concentrate on the horizontal variability of the
flow and the transfer on the mesoscale. Such experiments would

require several observation ships, remote sensing techniques

and co-operation between several interested Institutes.
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