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Abstract

Data analysis of SYNOP observations was made for investigation of stratus
formation in rain. The aim was to find connections between meteorologi-
cal parameters in the different states of rain to develop a forecast method.
1594 cases of rainfall from the four stations Lule̊a, Uppsala, Linköping and
S̊atenäs, Sweden were analysed, 974 cases include stratus formation in rain
and the other 620 cases are without stratus formation.

The investigation focused on the meteorological parameters wind direc-
tion, wind speed, relative humidity, visibility, cloud base height and rain
intensity. As rain intensity was not explicitly included in the SYNOP obser-
vations it could not be taken as a governing parameter, but classification of
the data into four groups of different rain intensity was possible. Also time
was a parameter for the investigation. The results show that a more detailed
investigation should be made to eliminate several influences of other para-
meters, for example of radiation or soil conditions. Thus it was too difficult
to develop a forecast method for the formation of stratus in rain, but sug-
gestions for further investigations and the development of a numerical model
only are made.

Sammanfattning

En dataanalys av SYNOP-observationer genomfördes för undersökning av
stratusbildning i regn. Målet var att hitta samband mellan de meteorolo-
giska parametrarna i olika regntillst̊anden för att utveckla en prognosmetod.
1594 regntillfällen fr̊an fyra stationer, Lule̊a, Uppsala, Linköping och S̊atenäs,
analyserades. 974 tillfällen inneh̊aller stratusbildning i regn och de andra 620
tillfällena visar ingen stratusbildning.

Undersökningen koncentrerades p̊a de meteorologiska parametrarna vind-
riktning, vindhastighet, relativ fuktighet, sikt, molnhöjd och regnintensitet.
Eftersom regnintensiteten inte var beskriven i SYNOP-observationer kunde
den inte tas med som parameter i analysena. Det gick att indela datan i fyra
grupper med olika regnintensitet. Tid var ocks̊a en parameter i den här un-
dersökningen. Resultater visar att det behövs en noggrannare undersökning
för kunna eliminera p̊averkan av andra parametrar som till exempel str̊alning
eller marktillst̊and. Det var därför för sv̊art att utveckla en prognosmetod för
stratusbildning i regn, s̊a förslag har bara gjorts för vidare undersökningar
och utveckling av en numerisk modell.



Zusammenfassung

Für die Untersuchung der Stratusbildung im Regen wurde eine Analyse
von SYNOP-Daten durchgeführt. Ziel war es, Zusammenhänge zwischen
meteorologischen Parametern in den verschiedenen Stadien von Regen zu
finden, um eine Vorhersagemethode zu entwickeln. Es wurden 1594 Regen-
Fälle von den Stationen Lule̊a, Uppsala, Linköping und S̊atenäs in Schweden
analysiert, von denen 974 Fälle Stratusbildung in Regen beinhalten. Die
anderen 620 Fälle zeigen keine Stratusbildung.

Die Untersuchung konzentrierte sich auf die meteorologischen Parame-
ter Windrichtung, Windgeschwindigkeit, relative Feuchte, Sicht, Wolkenhöhe
und Regenintensität. Da die Regenintensität nicht direkt in den SYNOP
Beobachtungen gemessen wurde, konnte sie nicht als steuernder Parameter
verwendet werden, sondern diente nur zur Einteilung der Daten in vier Grup-
pen verschiedener Regenintensität. Die Zeit ging als ein weiterer Parameter
in diese Untersuchung ein. Die Ergebnisse zeigen, dass eine genauere Unter-
suchung durchgeführt werden sollte, um unterschiedliche Einflüsse anderer
Parameter, wie zum Beispiel Strahlung oder Bodenbeschaffenheit, auszu-
schließen. Wegen der zu großen Unsicherheiten war es zu schwer, eine Prog-
nosemethode für die Stratusbildung im Regen zu entwickeln. Deswegen wur-
den Vorschläge für weitere Untersuchungen und für die Entwicklung eines
numerischen Modells gegeben.
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1 Introduction

In rain the evaporation of raindrops moistens the air and can potentially
result in stratiform clouds forming below the cloud base. It is not totally
understood in which cases stratus forms and nor is it clear how long time is
needed for the formation to take place, and at what height the new clouds
form. These questions are of special interest for the air traffic at airports
(take-off and landing). Although there is abundant literature about cloud
physics, relatively little concentrates on this phenomenon.

The aim of this work is to find relations between meteorological parameters
and, with this as background, to do further investigations with a numerical
model to finally develop a prognosis method for stratus formation. Unfor-
tunately no model could be provided because of missing parametrisation,
so suggestions for development of a model were made. Thus a big part of
the work deals with data analysis. For this SYNOP data was supplied from
the Swedish Armed Forces Headquarters Joint Meteorological Department -
Joint Forces Command. These were taken in Lule̊a, Uppsala, Linköping and
S̊atenäs in Sweden over a period from 1990 to 1999. The analysis includes
altogether 1594 cases that split up into 974 cases with stratus formation
in rain and 620 rain cases without stratus formation. In the investigation
the SYNOP parameters wind direction, wind speed, relative humidity, cloud
base height, visibility and rain intensity were considered. A more specified
description is given in section 4.

A one-dimensional model analysis was made by Sjöström [11] in 1995 but
the model did not give usable results for detection of stratus formation in
rain. Because of missing drive for advection, rain could not be maintained.
Also to produce moderate rain it required a unrealistic cloud water content.
Thus a sensitivity study was performed.

An introduction to the theory of cloud physics and especially to stratus for-
mation in rain is given in section 2. Problems that today’s models have in
forecasting stratus formation in rain are described in section 3, along with
suggestions for development of a numerical model. Also a proposal for the
manual forecasting of stratus cloud base height for observers is given here.
The data analysis is specified in section 4. Results of the analysis are given
in section 5 and discussion of the data analysis and conclusions are made in
section 6.
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2 Theory

2.1 Formation of clouds

This part provides an insight into cloud physics or physics of cloud formation.
For the formation of cloud drops so called condensation nuclei (CN) are
needed which serve as centers for the condensation of water vapour. These
are particles of micron and submicron size. Without these particles super-
saturation of several hundred percent would be needed to form cloud droplets
(Rogers and Yau, 1989 [9]). Equation 1 shows that the saturation vapour
pressure over a droplet’s surface depends on its curvature:

es(r) = es(∞) exp

(

2σ

rRvρdT

)

(1)

where es(r) is the saturation vapour pressure over a droplet with the radius
r, the surface tension σ and the density ρd at the temperature T . Rv is the
gas constant for water vapour and es(∞) the saturation vapour pressure over
bulk water. This means that the equilibrium vapour pressure over a smaller
droplet is even higher than over a bigger one. Thus the embryonic droplet
has to reach a critical size rc to be stable and tend to grow, otherwise the
droplet would evaporate. As the net rate of growth of a droplet with the
radius r is proportional to the difference e− es(r), with e equal to the actual
ambient vapour pressure, the critical size is given by

rc =
2σ

RvρdT ln S
for e − es(rc) = 0 (2)

with the saturation ratio S = e/es(∞).
To reach a sufficient supersaturation for formation of droplets the dewpoint
and the temperature must approach each other.

Before the droplets are able to precipitate they have to grow. This hap-
pens due to condensation (see 2.1.1) or collision and coalescence (see 2.1.2).

2.1.1 Droplet growth by condensation

Once an embryonic droplet reaches the critical size rc it starts to grow by
diffusion of water molecules onto its surface. The rate of mass increase can
be written as

dm

dt
= 4πrfD(ρv − ρvr) (3)

where r is the radius of the droplet, D is the molecular diffusion coefficient,
f is the ventilation coefficient for the diffusion of water vapour, ρv is the
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ambient vapour density and ρvr is the vapour density at the droplet’s surface
(Hu and Srivastava, 1995 [5]) Note: If ρv > ρvr the droplet grows, otherwise
it evaporates. The ventilation coefficient is negligible (means equal 1) for
droplets smaller than 10µm and thus unimportant for the growth of the
droplets but becomes important in evaporation of raindrops (see 2.3). The
molecular diffusion coefficient is given by Hall and Pruppacher (1976) [4] as

D = 0.211

(

Ta

T0

)1.94 (

p0

p

)

(4)

with T0 = 273.25 K, p0 = 1013.25 hPa and Ta the drop surface tempera-
ture. From the relationship r ∝ t1/2 it can be seen that droplets growing by
condensation initially increase in radius very fast but with time the rate of
growth decreases, see figure 1, curve (a). For derivation see Rogers and Yau
(1989) [9].

Since more droplets in a cloud compete for the water vapour the super-
saturation will decrease and so will the growth of the droplets.

Figure 1. Curve (a): the radius of a droplet as a function of time when growing on a
salt nucleus of mass 10−12 g under a constant supersaturation of 0.05% and temperature
273 K. Curve (b): the growth of a droplet by coalescence in a cloud of liquid-water content
0.8 g/m3 comprised of radius 15µm. Taken from Mason, 1975 [6].
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2.1.2 Growth by collision and coalescence

When the droplets reach a radius of about 20 µm a more effective growth-
process than the condensation of water vapour is the coalescence. Compare
the curves (a) and (b) in figure 1. This means that droplets collide and then
merge together and form one larger drop. For droplets with radii smaller than
10 µm coalescence is more unlikely but becomes increasingly important with
growing radii. When the droplets become large enough for sedimentation
(gravitational settling), the possibility that a falling drop and a smaller sta-
tionary droplet collide increases. The larger drop is also called ”collector
drop” and has the radius R while the smaller one’s radius is r. According to
figure 2, taken from Sumner (1988) [12], the collision efficiency E is

E =
y2

0

(R + r)2
(5)

with y0 the critical value of the impact parameter. Within y0 the droplets
will collide, outside this value they will be deflected.

Figure 2. Collision geometry for cloud drop coalescence. Taken from Sumner, 1988 [12].
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Not all droplets that collide will also coalesce. For this reason the coales-
cence efficiency is defined as the fraction of colliding droplets that coalesce.
The product of collision and coalescence efficiency is called the collection ef-
ficiency E. It governs the growth of droplets by the collision and coalescence
process. The increase in radius of the collector drop can be written as

dR

dt
=

EM

4ρd

(u(R) − u(r)) (6)

where M is the cloud liquid water content in units of mass per unit volume,
ρd the density of the droplet (sphere) and u the terminal fall speed.

2.2 Terminal fall speed and size distributions of rain-

drops

In a totally free and undisturbed environment (meaning without any hor-
izontal or vertical air motion) raindrops will reach their terminal velocity
when the frictional drag between the drop and the surrounding air balances
the downward acceleration. Raindrops with the diameter Dr are assumed to
fall with terminal velocity as given in Rotstayn (1997) [10]

u(Dr) = krD
1/2

r

(

ρ0

ρ

)1/2

(7)

where kr = 141.4m1/2s−1 and ρ0 = 1.2 kg m−3 is a reference air density
corresponding to dry air at 1013 hPa and 20 ◦C. Theoretical arguments and
numerous observations indicate that the drop-size distributions can be ap-
proximated by a negative-exponential form, first suggested by Marshall and
Palmer (1948) [7]. The number of raindrops per unit volume with diameters
between Dr and Dr + dDr is N(Dr)dDr and the approximation is given as

N(Dr) = N0 exp (−λDr) . (8)

Marshall and Palmer found that the slope factor λ depends only on rainfall
rate Rr (kg m−2s−1) and is given as

λ(Rr) = 734(Rr)
−0.21. (9)

They also found that the intercept parameter N0 is a constant given by
N0 = 8 × 106m−4.
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2.3 Formation of stratus in rain

When rain falls through relatively dry air water vapour evaporates from the
raindrop’s surface. The evaporation proceeds according to equation 3, when
ρvr > ρv. An important factor for the evaporation in this equation is the
ventilation coefficient which is defined by

dm

dt
= f

(

dm

dt

)

0

(10)

where (dm/dt) and (dm/dt)0 are the rates of evaporation of a drop falling
at terminal velocity and at rest, respectively. In Pruppacher and Rasmussen
(1979) [8] the ventilation coefficient is given by

f = (0.78 ± 0.02) + (0.308 ± 0.010) X (11)

for 1.4 ≤ X ≤ 51.4 (60µm ≤ r ≤ 2500µ)

and
f = 1.00 + 0.108X2 (12)

for 0 ≤ X ≤ 1.4 (0 ≤ r ≤ 60 µm)

where X = Sc1/3Re1/2 with the Schmidt number Sc = ν
D

with ν the kine-
matic viscosity and the Reynolds number Re = 2ur

ν
. Note that the ventila-

tion coefficient for charged drops is modified and so the rate of evaporation
of charged drops is slower than that of uncharged drops of the same size
(Bhalwankar, 2004 [3]). According to Pruppacher and Rasmussen (1979) [8]
the rate of evaporation of a water drop of r = 2mm, freely falling at its
terminal velocity, is about 15 times larger than the rate of evaporation of the
same size drop at rest. While evaporation proceeds the air cools because of
the transfer of latent heat to the raindrop while at the same time the water
vapour content increases. Therefore dewpoint and temperature converge to-
wards the wet-bulb temperature as in the example, in figure 3. It shows two
temperature soundings from Idar-Oberstein in Germany at the 03.05.2005,
on the left side at 00 UTC before the rain was starting and on the right
at 12 UTC after the rain. In these soundings it can be seen how dewpoint
and temperature are approaching each other. Thus the relative humidity
can increase up to 100%. Stratus formation can be initiated by ascent (for
example on hills) and resultant cooling of the lifted air parcel, by radiative
heat loss or by mixing of two parcels of slightly unsaturated air. Also surface
characteristics can affect the stratus formation as the surfaces have different
soil moisture content, heat fluxes or roughness. This work focuses on the
formation of stratus initiated by vertical mixing of air parcels. This happens
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Figure 3. Temps from Idar-Oberstein, Germany, 03.05.2005, left sounding from 00 UTC
before rain, right sounding from 12 UTC after rain. The temperature and dewpoint curves
approach because of the moistening of the air in the rain.

due to turbulence. As shown in figure 4 the mixing of two slightly unsatu-
rated airparcels of different temperature can result in a supersaturated mixed
parcel. Thus water vapour can condense and stratus can form.

The gradient of relative humidity which is governed by the difference of
moisture between the surface of the drop and the ambient air is one of the
main factors that affects the evaporation.
The stratification is presumed to be neutral. Wind causes mechanical turbu-
lence and, with vertical mixing in the boundary layer under the clouds, the
so called mixed layer. Since there are no other air masses included in this
mixing process this layer becomes neutral stratified. The stratus base level
is approximated by the lifting condensation level (LCL). So the height of the
low clouds can be calculated with

LCL =
(T0 − Td0)

9.8 −
T 2

d

158T

(13)

where the subscript 0 denotes values at the surface. If the height of the
boundary layer (= mixed layer) h, which is approximated with the LCL as
written above, is given, the change of the mixed layer height with time can
be calculated with the following equation

dh

dt
=

U3

10
s Cmθ0

∆θ g h
(14)
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Figure 4. Mixing of two air parcels: The mixing of the two slightly unsaturated parcels A
and B can lead to a supersaturated parcel AB.

with U10 the wind speed at 10 m height, s = 0.25 the entrainment constant,
Cm the transfer coefficient for momentum (for values see appendix A), θ0

the initial potential temperature, ∆θ the magnitude of inversion, given as
∆θ = θ0−θ+γoh and γo the vertical linear gradient of potential temperature,
and g the gravitation acceleration. This equation is taken from Berge̊as
(1988) [1] without the heat flux, which is assumed to be zero.
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3 Prognostication of stratus formation

Nowadays a wide range of numerical models include cloud parametrisations.
Although the models often include detailed treatment of cloud microphysics,
the representations of air motions are highly simplified. Most of them are
not able to display several parameters of the cloud microphysics satisfacto-
rily, as for example drop-size distributions or the evaporation of raindrops.
The parametrisations are still insufficient or erroneous when it comes to the
processes under rain conditions and thus can lead to incorrect results. This
is one reason why this work does not include a model study. Because of the
short time available for this work it was not possible to develop a new model.
The implementation of all important equations and parameters is much too
extensive to get expedient results. On the other hand a lot of parameters
are not measured in the SYNOP data, so a new model could not have been
verified here.

3.1 Development of model

For developing a simple model to prognose stratus formation in rain the
main equations for evaporation from the drop (equation 3) and for terminal
fall speed (equation 7) have to be taken into account. Values for drop-
size distribution and rain intensity have to be determined. While drops
are evaporating their surface temperature is lower than the temperature of
the surrounding air because of evaporative cooling. The heat-mass transfer
process, conductive heat flux from the air to the drop and mass loss from the
drop, causes a temperature difference between the drop and the surrounding
air. The required time for reaching equilibrium, which is the time drops
are evaporating, is given by the relaxation or adaption time τ as given by
Bhalwankar et al (2004) [3]

τ =
r2ρwCw

3
(

kfh + LD
(

dρ
dT

)

sat
f
) (15)

with ρw the density of water, Cw the specific heat capacity of water and
(

dρ
dT

)

sat
= (ρsat(T∞) − ρsat(Ta)) / (T∞ − Ta) the mean slope of the saturated

vapour density temperature curve over the interval T∞ (the ambient air tem-
perature) to Ta (drop surface temperature) and assuming fh = f , where fh is
the ventilation coefficient for diffusion of heat. As vertical mixing (which is
the case for this work) is needed to initiate stratus formation, a parametrisa-
tion of turbulence in the mixed layer has to be included. The calculation of
adaption time and the vertical mixing have to run simultaneously to get the
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initiation time of stratus formation, when relative humidity reaches the value
of 100% after the mixing process. The approximative cloud base height can
be calculated due to equation 13. If the initial cloud base height = mixed
layer height and turbulence information are available, equation 14 is a more
precise formulation.

3.2 Manual forecast method

If a sounding was made and a skewT diagram (thermodynamic diagram with
T − c ln p, c = constant, and −p as axes, so that the isotherms are tilted) is
available, the observer can determine the mixing condensation level (MCL)
as the lowest height at which saturation may occur and so the lowest height
for stratus formation. The forecaster has to make sure that vertical mixing
occurs, or will occur, otherwise there will not be a MCL. To forecast the
lowest possible cloud base, the MCL can be estimated as follows (after Navy
Aerographer and Meteorology Manuals, 1997 [14]):

1. Draw a horizontal line at the level of the top of the mixed layer.

2. Bisect the dewpoint curve with a mixing ratio line by the equal area
method.

3. Bisect the temperature curve with a dry adiabatic by the equal area
method.

4. The MCL is the level at which the mean mixing ratio and the mean
dry adiabat intersect.

With this method observers can make a forecast for their stations. They
should also take into account what is happening at other stations which
are lying in the upwind area. A further method of forecasting stratus for
observers is introduced by Warne, 1993 [13].
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4 Data

Measuring data for the practical part of this work was supplied by the
Swedish Armed Forces Headquarters Joint Meteorological Department - Joint
Forces Command. SYNOP data over a period of 10 years was taken from
the following four places: Lule̊a, Uppsala, Linköping and S̊atenäs. These
places are all airports with a preferable flat ground to prevent any influence
of topography (like hills) on the stratus formation. SYNOP observations are
taken hourly. An example of the observations in code form is given in appen-
dix B. Unfortunately, the precipitation amount is measured over the duration
of 12 hours, so that analysis related to rain intensity was very difficult.

4.1 Description of the measuring stations

4.1.1 Lule̊a

The airport is located south southwest of Lule̊a, 65 ◦ 33’ N 22 ◦ 7’ E 17 m,
near to the coast of the Gulf of Bothnia. The area around is flat but with
some knolls about 100 - 150 m over sea level. The climate is maritime so that
in winter, as long as the sea is open, mixing of cold air masses from the land
and mild air masses from the sea can lead to formation of low stratus.

4.1.2 Uppsala

This station, 59 ◦ 54’ N 17 ◦ 36’ E 21 m, is situated northwest of Uppsala. The
area is notedly flat. Far west and northwest are hills which can give Föhn in
strong wind conditions.

4.1.3 Linköping

Linköpings airfield, 58 ◦ 24’ N 15 ◦ 31’ E 93 m, is placed in the area called
Malmslätt west of the town. The area is relatively flat and at the border
of the south Swedish upland (elevation 200 - 300 m) ca. 40 - 50 km in the
south-southwest direction. Winds from this direction can give Föhn effects,
so cloud bases are seldom lower than 200 - 250 m.

4.1.4 S̊atenäs

At the south coast of the lake Vänern is the airfield S̊atenäs, 58 ◦ 25’ N 12 ◦

43’ E 54 m, in a relatively flat surrounding. In the northwest and southeast
are little mountain ranges (100 - 200 m). Winds from these directions make
Föhn effects possible. The Vänern is the biggest lake in Sweden and gives a
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maritime influence on the climate in this area which can cause fog, stratus
and snow showers in winter.

For maps of all stations see the appendix C.

4.2 Data processing

First, all cases were selected which include rain. That means even cases
with snow and mixed rain and snow are taken out of the data material.
Cases which already had low clouds are not taken into account. Sometimes
observations were only made every three hours, which is insufficient for this
analysis. Stratus that forms in rain can also dissipate in a very short time. So
these data were not included in the analysis. The rain data are classified into
the main groups of rain and shower because of the mostly bigger raindrops
and probably higher rain intensity in showers. A further classification of the
rain group in short and long duration of rain was made. Thereby a duration
under three hours is declared as short rain, a duration longer than three hours
as long rain. Long rain is mostly not longer than six hours because of the
difficulties in finding mean parameters over a long time period; as for example
wind direction or wind speed often change. These groups are further divided
into cases with no formation of stratus in the rain, immediate formation of
stratus (meaning within an hour after the onset of rain), formation of stratus
while it is raining, the formation at the end of the rain event (meaning within
the last hour of the rain), or up to three hours after the rain has finished.
The different parameters that are measured in the SYNOP observations were
plotted against each other in order to find relations and differences between
the different cases and to find answers to the questions: In which cases does
stratus form and in which cases are no clouds found? At what time does
stratus form? How do the parameters change when stratus forms (especially
when it first forms after a couple of hours)? Is it possible to predict the
formation of stratus?

Some of the parameters had to be converted from code form to real val-
ues (for example cloud base, visibility, wind direction). Rain intensity was
converted due to table 1, with small modifications taken from Sumner, 1988
[12]. It has to be remembered that this is an approximate conversion. The
data processing has been carried out with help of the programme Matlab.

As shown in the example in figure 5 the different stratus cases are denoted
as followed: ∗ no stratus formation; · stratus forms immediately when the
rain begins or within the first hour of the rain; ◦ formation of stratus in the
middle of the rain event; × formation of stratus in the last hour of the rain;
+ stratus forms up to three hours after the rain has finished. If nothing else
is specified, these signs are valid for all plots.
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Table 1. Definitions of magnitude of precipitation form

Drizzle light 0 mm/h
moderate 0 mm/h
heavy 1 mm/h

Rain light 0.5 mm/h
moderate 2.5 mm/h
heavy 5 mm/h

Shower light 2 mm/h
moderate 10 mm/h
heavy 50 mm/h
violent >50 mm/h
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Figure 5. Uppsala in a shower situation: Plotted are the relative humidity against the
height of the cloud base after stratus formation/the lowest height of the cloud base in the
no stratus case respectively. The markers as denoted here will be the same for all following
plots if not specified.
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5 Results

In this section plotted data from the four SYNOP stations will be introduced.
The markers in the figures denote the cases as given in figure 5. The plots
include the parameters wind direction, wind speed, relative humidity, cloud
base height after stratus formation and visibility after stratus formation. In
cases with no stratus formation the lowest cloud base height of the rain event
is used instead of the cloud base height and the least visibility instead of the
visibility. Rain and shower cases are considered separately because of the
bigger drops and higher rain intensity in the shower cases. Unfortunately
the rain intensity could not be taken as a parameter in the figures since the
SYNOP data just give a precipitation amount every twelve hours. After
converting the weather code into precipitation amounts (as given in table
1 on page 14), cases with different rain intensities could be separated and
compared.

5.1 Wind direction

As one could imagine the wind direction could give an effect on the humidity
if winds are blowing from a lake or the sea, but the figures only mirror this
effect slightly. No significance is observed in cloud base height. Although
orographic influences, that forces air masses to lift, could result in higher
cloud bases in the lee and lower cloud bases in the luff. Only in the wind
speed a connection can be seen, see figure 6. Here can be observed, that
stronger winds tend to come from specific directions: in Lule̊a two maxima
are observed, one for winds from the east and one from northwest. Note
that in the first maximum only cases with early stratus formation or stratus
formation in the middle of the rain event appear. In Uppsala stronger winds
blowing from the south-southwest and in Linköping from west. In S̊atenäs
the few very strong winds come from west-southwest. The shower cases show
similar relations except for Lule̊a, here there is no apparent connection.

5.2 Wind speed

The wind speed has an important roll as it is the driving force for turbulence
and so for the vertical mixing of the air. With increasing wind speed decreases
the relative humidity slightly. There is one exception in Lule̊a where some
cases give a minimum in relative humidity at wind speeds around 5 m/s. An
increase in visibility with increasing wind speed can also be observed but is
not significant. Due to the stronger turbulence in stronger winds, the height
of the cloud base in cases with stratus formation increases. In cases without
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Figure 6. Rain situation at all four stations, wind direction versus wind speed, markers as
specified in figure 5.

stratus formation it seems to be the other way around: as can be seen in
figure 7 the wind speed and cloud base height are approximately inversely
proportional; although the lowest cloud bases seem to be on a constant level
over the whole wind speed range. Also the slight increase of cloud base height
with increasing wind speed in stratus cases can be seen here.

5.3 Humidity and cloud base height

As one could imagine, the visibility slightly increases with decreasing relative
humidity; also the cloud base height increases in this case. In general it can be
said that the cloud bases in S̊atenäs and Lule̊a are higher than in Uppsala and
Linköping, while in Linköping there are the lowest cloud bases. This cannot
be explained with orographic effects because all stations are not situated
high above sea level, and Linköping has the highest surroundings which could
provide orographic ascent, but the lowest cloud bases are also on the lee side.
Almost no connections can be found between wind direction and cloud base
height. Cases where stratus formation takes place at the beginning of the
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Figure 7. Rain in Linköping, wind speed versus cloud base height: In stratus cases the
cloud base increases with increasing wind speed due to higher turbulence, markers as
specified in figure 5.

rain are slightly dryer than cases with a later stratus formation. This can be
explained with the longer rain period in the cases with later forming stratus.
There is more time to moisten the air by evaporation of water vapour from
the raindrops. This phenomenon can best be observed in Lule̊a, see figure 8.
Also conspicuous in this figure are the cases with stratus formation at the end
of the rain event which are more humid then the cases with earlier stratus
formation. But this is only obvious in Lule̊a, not at the other stations.

5.4 Rain intensity

As mentioned before, there were some difficulties in integrating the rain in-
tensity in the analysis. One way was to separate cases with different rain in-
tensities. Only classification in four groups was possible: light rain (SYNOP
weather code 60 and 61) with 0.5 mm/h; light rain shower (code 80) with
2 mm/h; moderate rain (code 62 and 63) with 2.5 mm/h and moderate rain
shower (code 81) with 10 mm/h. For all other rain intensities as classified
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Figure 8. Rain in Lule̊a: relative humidity versus cloud base height. The later the stratus
formation takes place, the more increases the relative humidity. Markers set as specified
in figure 5.

in table 1 there were too few measurements available. Thus for these four
groups the different parameters could be plotted separately.

In the two rain cases the cloud base height has a trend to be lower with
higher rain intensity. Only S̊atenäs does not show a significant difference
between light and moderate rain. The two shower cases do not show this
trend significantly. Again, there is a special case in S̊atenäs, where the cloud
bases in moderate rain showers are situated higher than in light rain showers,
but this fact has to be handled with care because there are not so many
shower cases in the observation data. Also, comparisons between the rain and
shower groups have to be considered in this aspect. In general the lower cloud
bases in shower cases are slightly higher than in rain cases, even though cloud
bases in rain cases reach higher values, see figures 13 in appendix D. Cloud
bases in light rain showers are higher than in moderate rain and also cloud
bases in moderate rain showers are somewhat higher than in moderate rain.
Figure 9 shows the relative humidity plotted against the cloud base height
for cases in Lule̊a, where the effect of sinking cloud bases with increasing rain
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Figure 9. Comparison of rain intensities in Lule̊a, shown here is the relative humidity
versus cloud base. Cloud bases are sinking with increasing rain intensity but somewhat
higher under shower conditions. Markers set as specified in figure 5.

intensity can be seen.
The relative humidity increases with higher rain intensity regardless of

rain or shower. This is not astonishing since there is a bigger water source
for evaporation. The visibility worsens with increasing rain intensity, as one
could imagine, although visibility in shower cases is somewhat better than
in rain cases. Depending on bigger raindrops in showers the precipitation is
not that dense and permits a better visibility.
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6 Discussion and conclusions

Contrary to the assumption that meteorological parameters change in differ-
ent rain/shower cases with stratus formation (at the beginning, in the middle,
at, or after, the end), the data analysis does not show significant differences.
Except for the relative humidity: the longer it rains, the more water evap-
orates from the drops and the more humid the air becomes. This can be
seen in agreement with the sensitivity study of Sjöström (1995) [11], where
it was found that a higher value of evaporation gives more clouds, as clouds
can be seen as a measure of humidity. The increase of the relative humidity
with a higher rain intensity confirms this fact too. The rain intensity can be
seen as a source for water to be evaporated, so a higher rain intensity gives
a higher evaporation rate. In rain cases a higher rain intensity leads to lower
cloud bases. More water is available for evaporation to moisten the lower air
layers. Comparison in this case of rain and rain showers are difficult because
showers have bigger drops and thus a higher fall speed (see relation between
drop diameter and fall speed in equation 7). Sjöström (1995) [11] showed that
higher fall speed leads to fewer clouds and a higher precipitation amount. An
explanation could be that bigger drops drag smaller drops along whilst they
are falling, therefore no new clouds form. The observation data here contents
fewer cases with stratus formation in shower cases, which agrees with that
investigation. An increasing cloud base height is observed in higher wind
speeds due to stronger turbulence (as can be seen in equation 14). Here a
turbulence investigation could be of interest in order to study this phenom-
enon in detail. In the whole analysis the cases with stratus formation after
the end of the rain event have to be handled with care: eventually stratus
was forming in these cases because of airmass exchange (advection or front
activity). This contradicts with the theory of stratus formation initiated by
vertical mixing, which is the object of the investigation in this work. Thus
these cases should not be taken into account in the considerations here.

For a more detailed consideration a more comprehensive data material is
needed. These data should include more frequent measurements of rain inten-
sity (at least every hour). Thus rain intensity could be taken as a parameter
and not just be used for a rough classification as it was done here; it could be
a controlling factor for stratus formation. Rain intensity also gives a measure
of how much water is available in the atmosphere for evaporation and thus
for moisten the air to start at last stratus formation. The rain intensity is
an important factor for the incidents in rain. As wind speed is an imprecise
measure of turbulence, turbulence measurements and investigation should be
made. They could give a better understanding of the corresponding effects
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in the mixing layer on stratus formation and cloud base height. Also investi-
gations on influence of radiation, temperature stratification and orographic
influences should be made; if the cloudiness is less than 8/8, radiative heat
loss can occur, which can lead to stratus formation itself, as mentioned in
section 2.3. Also hills can initiate stratus formation. These affects are not
taken into account here and can so lead to inexact results. Other factors
that influence stratus formation can be soil conditions, e.g. soil moisture
content which can lead to evaporation from the soil, or advection of different
air masses. These factors should also be included in the investigation.

The manual forecast method of stratus formation (as given in section 3.2)
is only applicable on a manned station. It is not suitable for a broad fore-
cast. To develop a model which gives sufficient accurate results more time is
needed because of its complexity. Suggestions for development are made in
section 3.1. A model should include high resolution in height over ground,
so that the low cloud bases can be simulated in good agreement with the
reality. This requires a high compute capacity.
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A Symbols and constants

Symbols

Cm transfer coefficient for momentum
Cw specific heat capacity of water
D molecular diffusion coefficient
Dr drop diameter
E collision efficiency
E collection efficiency
e ambient vapour pressure
es(r) saturation vapour pressure over a droplet with the radius r
es(∞) saturation vapour pressure over bulk water
f ventilation coefficient for diffusion of water vapour
fh ventilation coefficient for diffusion of heat
g acceleration due to gravity
h height of boundary layer, in this case mixed layer
k thermal conductivity of the air at the drop’s surface temperature
L latent heat of evaporation
LCL lifting condensation level
M cloud liquid water content
MCL mixing condensation level
m mass
N0 intercept parameter
N(Dr) number concentration of drops
p pressure
R radius of collector drop
Rr rainfall rate
Rv gas constant for water vapour
r droplet radius
rc critical radius
S saturation ratio
s entrainment constant
T temperature
Ta drop surface temperature
Td dewpoint
T∞ ambient air temperature
t time
U10 wind speed at 10 m height
u terminal velocity
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y0 critical value of the impact parameter
γ0 vertical linear gradient of potential temperature
∆θ magnitude of inversion
λ slope factor
ν kinematic viscosity
ρ air density
ρd density of droplet
ρv ambient vapour density
ρvr vapour density at the droplet’s surface
ρw density of water
σ surface tension
θ0 initial potential temperature
τ relaxation time

Constants

Cm 0.003 − 0.03 see table below
kr 141.4 m1/2s−1

N0 8 × 106 m−4

p0 1013.25 hPa
s 0.25
T0 273.25 K
ρ0 1.2 kg m−3

Values for the transfer coefficient for momentum Cm (calculated by Berge̊as,
2005 [2]):

surface roughness length Cm

town, forest 1 0.030
scrub, tree 0.5 0.018
acre 0.1 0.008
airfield 0.02 0.004
grass 0.01 0.003
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B SYNOP data

Example of the SYNOP data that provide the basis for the plotted figures
in this work.

* * * * * * * * * * * * * * * *

* 02458 UPPSALA(MOMS97-) *

* 1991-06-10 *

* 59o 54’ N 17o 36’ E 21 m *

* * * * * * * * * * * * * * * *

TEMPERATUR NEDERBÖRD

MIN : 10.1 Kl 00: ----

MAX : 18.5 Kl 06: 2.0 EE: 31

MEDEL : 12.6 Kl 12: ---- SS: ---

MARK : ---- Kl 18: 1.0 SL: ---

VATTEN: ---- Dygn : 3.0

TRLJ VVHHNT DD FF TT TD UU WW W1 W2 PP AA PT NH LMH HS NCH1 NCH2 NCH3 FX PW HW SJ TR

00 1 50 4 7 20 02 10.2 9.2 94 10 6 5 1008.2 3 02 7 6-- 10 7710 ---- ---- -- -- -- - 00

01 1 50 4 7 20 02 10.3 9.4 94 10 2 2 1008.4 2 04 7 6-- 10 7710 ---- ---- -- -- -- - 01

02 1 50 3 7 22 02 10.1 9.1 93 10 2 2 1008.5 2 05 7 6-- 06 7706 ---- ---- -- -- -- - 02

03 1 57 2 7 00 00 10.3 9.3 94 10 2 2 1008.5 1 03 7 6-- 05 7705 ---- ---- -- -- -- - 03

04 1 57 1 7 12 02 10.2 9.2 94 10 2 2 1008.4 0 00 7 6-- 02 7702 ---- ---- -- -- -- - 04

05 1 30 1 7 11 04 10.8 9.5 92 10 2 2 1008.6 3 01 7 6-- 02 7702 ---- ---- -- -- -- - 05

06 1 60 2 6 12 05 11.3 10.0 92 -- - - 1008.4 0 01 6 500 04 6604 ---- ---- -- -- -- - 06

07 1 70 3 7 08 04 13.1 11.3 89 -- - - 1008.3 8 01 4 506 94 4606 7094 ---- -- -- -- - 07

08 1 74 4 7 07 05 14.9 11.8 82 -- - - 1008.1 7 05 3 176 99 3812 7099 ---- -- -- -- - 08

09 1 73 5 6 12 06 16.0 9.0 63 -- - - 1008.0 7 04 2 239 99 2823 6199 ---- -- -- -- - 09

10 1 73 6 6 14 09 17.0 7.7 54 -- - - 1007.8 7 05 3 209 99 2836 6199 ---- -- -- -- - 10

11 1 75 6 6 13 08 18.3 9.2 55 -- - - 1007.5 7 06 4 219 89 4836 ---- ---- -- -- -- - 11

12 1 75 6 6 13 11 17.3 6.4 49 -- - - 1007.5 6 05 3 254 89 3846 3399 ---- -- -- -- - 12

13 1 80 6 6 13 13 17.3 6.1 48 -- - - 1007.4 6 04 1 112 58 1846 6458 ---- -- -- -- - 13

14 1 83 9 7 13 11 15.5 4.9 49 -- - - 1007.2 8 03 7 01- 58 7458 ---- ---- -- -- -- - 14

15 1 83 8 7 13 12 13.4 5.3 58 -- - - 1006.8 8 07 7 02- 56 7456 ---- ---- -- -- -- - 15

16 1 83 8 7 11 11 13.3 6.3 63 61 2 2 1006.4 8 10 7 02- 58 7458 ---- ---- -- -- -- - 16

17 1 50 8 8 11 10 10.7 8.8 88 63 2 2 1006.1 7 11 7 02- 98 7598 ---- ---- -- -- -- - 17

18 1 50 3 8 09 10 10.2 8.6 90 63 2 2 1005.8 7 10 7 7-- 06 7706 ---- ---- -- -- -- - 18

19 1 50 2 8 10 07 9.8 8.5 92 63 6 6 1005.6 7 08 7 7-- 04 7704 ---- ---- -- -- -- - 19

20 1 50 2 8 10 05 9.7 8.7 93 63 6 6 1005.9 5 02 7 7-- 04 7704 ---- ---- -- -- -- - 20

21 1 50 2 8 12 04 9.8 8.3 90 63 6 6 1005.2 8 06 7 7-- 04 7704 ---- ---- -- -- -- - 21

22 0 56 2 8 16 02 9.9 8.4 90 21 6 6 1005.1 6 05 8 6-- 05 8705 ---- ---- -- -- -- - 22

23 0 56 2 8 20 03 9.9 8.9 93 10 6 6 1005.2 6 07 8 6-- 05 8705 ---- ---- -- -- -- - 23

Explanation of the code:

head
MIN minimum temperature 18 - 06 UTC
MAX maximum temperature 06 - 18 UTC
MEDEL calculated mean temperature over the hourly temperatures

from 00 - 23 UTC or the weighted mean of the 06, 12, 18
UTC observations, MIN and MAX (if available)

MARK grass temperature (TG)
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VATTEN reported surface water temperature
Dygn sum of precipitation reported 06 UTC and 18 UTC if both

are reported
EE state of ground without snow or measurable ice cover (first

digit denotes if 3-group or 4-group)
SS snow depth in cm
SL loose snow in cm

hourly measurements
TR the hour of the observation
LJ indicator of days (LJ=1) or darkness/sun under horizon

(LJ=0)
VV horizontal visibility
HH height of base of lowest cloud
NT total Cloud amount
DD wind direction in tens of degrees
FF wind speed in knots
TT dry-bulb temperature in degree Celsius
TD dewpoint in degree Celsius
UU relative humidity in percent calculated from TT and TD
WW present weather, manned station or automatic synop (if NT=

- take automat code)
W1 past weather 1
W2 past weather 2
PP air pressure (reduced to mean sea level) in hektopascal
AA characteristic of pressure change over the last three hours
PT pressure change over last three hours in hektopascal and

tenths hektopascal
NH amount of low cloud, or medium cloud if no low cloud present
LMH form of low (L), medium (M) and high (H) cloud in codeform
HS significant height of cloud base (lowest cloud base with at least

5/8)
NCH1 -
NCH3

first through third 8-group: amount of individual cloud layer,
form of cloud and height of cloud base

FX max meanwind in knots
PW period of waves in seconds
HW height of waves in 0.5 m increments
SJ swell

For further explanations see the WMO SYNOP code [15].
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C SYNOP stations

Figure 10. Position of the SYNOP station in Lule̊a.

Figure 11. Position of the SYNOP station in Uppsala.
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Figure 12. Positions of the SYNOP stations S̊atenäs (left) and Linköping (right).
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D Pictures
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Figure 13. Rain (above) and shower (below) cases with stratus formation at all four
stations, wind speed versus cloud base height. Markers set as specified in figure 5.
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[11] Sjöström, J. 1995, Bildning av stratus i regn - en endimensionell analys ;
Meteorologiska Institutionen Stockholms Universitet, 35 pp.

[12] Sumner, G. 1988, Precipitation Process and Analysis ; The Bath Press,
455 pp.

30



[13] Warne, D. V., 1993, Stratus forecasting; Meteorological Magazine 122,
pp. 113-116

[14] Navy Aerographer and Meteorology Manuals, 1997, Aerographer’s mate,
www.tpub.com/weather3/6a-11.htm (as at 13.05.2005)

[15] WMO, SYNOP code, www.setarnet.aw/users/arubawx/synop.htm (as
at 13.05.2005)

The cover picture is taken from www.wolkenatlas.de/wolken/wo10331.htm
(as at 25.05.2005) by Bernhard Mühr
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