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ABSTRACT

Results are presented from a detailed case study of an Arctic stratus cloud over the Fram Strait that is based
on aircraft measurements and model calculations. The measurements have been performed during MIZEX
1984 (Marginal Ice Zone Experiment) and include high frequency data of meteorological parameters and low
frequency measurements of radiation fluxes and cloud microphysical data. The vertical mean structure of the
Arctic cloud-topped-planetary boundary layer and the turbulence structure are analyzed and discussed. The
main processes that contribute to the turbulent kinetic energy are identified by comparison of the measurements
with the results of a one dimensional turbulence model with second-order closure. The radiative cooling at
cloud top is identified to be the dominant process controlling the whole turbulence structure for the case of a
quasi steady state boundary layer. In this fully developed regime the energy consuming entrainment is sustained
by the shear-produced horizontal velocity variance via pressure velocity correlation.

1. Introduction

A large amount of the surface of the earth is covered
by low-level stratus clouds consisting of liquid water.
They modulate the planetary boundary layer (PBL)
and their occurrence is often connected with areas of
cold ocean water. Extended fields of stratocumulus tend
to be located off the west coasts of the continents as
well as over the central Arctic basin. In summer the
frequency of these Arctic stratus clouds (ASC) reaches
up to 85%, with a fractional coverage of 75%. On the
other hand, during winter the frequency reduces to 25%
with a fractional cloud cover of 15% (Huschke 1969).
A rapid change in cloudiness occurs in April/May as
well as in September/October. These clouds typically
show large horizontal homogeneity and high persis-
tence. The mean horizontal extent is reported by Dol-
gin (1960) as 460 km for stratus, in extreme cases 2000
km were reached. Cloud thickness is generally between
150 and 500 m (Dergach et al. 1966). Typical liquid
water contents have been measured between 0.1 and
0.4 g m™3 (Tsay and Jayaweera 1984). One special
case of ASC is shown in Fig. 1, observed during the
Marginal Ice Zone Experiment 1984 (MIZEX 84 ) be-
tween Greenland and Svalbard. The cloud layer can
be well identified by its homogeneous grey color, which
differs strongly from the dark color of the open sea and
the ice covered land. This cloud layer extends from
74° to 82°N latitude. Due to its large extent and per-
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sistence, especially summer cloudiness within the Arc-
tic basin has a significant effect on the surface radiation
budget and therefore on snow and ice conditions (Shine
and Crane 1984).

If we want to understand the processes forming Arc-
tic stratus clouds, we have to understand the different
mechanisms interacting in the planetary boundary
layer. What are these mechanisms controlling the
CTBL and how do they interact? Diabatic warming by
absorption of shortwave radiation is distributed over
a deep layer in the cloud and reduces the liquid water
content. On the other hand, longwave cooling that takes
place mostly near cloud top acts in the opposite sense.
Thus, the vertical distribution of the heating/cooling
rates within the cloud is far from homogeneous and
may give rise to localized sources of turbulence kinetic
energy. Turbulence in the PBL may also be generated
by wind shear and by cooling through evaporation of
cloud parcels that are entrained from the free atmo-
sphere. This process brings warmer and drier air down
into the PBL, consumes turbulence kinetic energy and
may even lead to the break up of a continuous cloud
deck. Whether a cloud deck will dissipate or not is also
determined by the mean vertical velocity. In order to
maintain a certain cloud layer against subsidence a
supply of moisture from the surface is required to
compensate for the amount of warm, dry air that is
entrained at cloud top. The evolution of a CTBL is the
result of the complex interaction of the above men-
tioned processes that are relevant for all types of CTBL,
e.g. stable, neutral or convective ones.

In particular, Arctic stratus clouds generally differ
from marine stratocumulus clouds at lower latitudes
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FI1G. 1. Satellite picture of one case of Arctic stratus clouds at 1018 UTC 26 June 1984 that shows
the difference of the equivalent radiational temperatures of NOAA-6 AVHRR channel 3 (3.55-3.93
pum) and channel 4 (10.5-11.5 um). The area of stratus is indicated by the nearly homogeneous grey
color between Svalbard (right side) and Greenland (left side). By this method, the influence of
thermal radiation is reduced and the reflection of solar radiation is emphasized, allowing the low
level clouds and surface of the earth easily to be distinguished, although they have nearly the same
temperatures. The bright regions south and south east of Svalbard are associated with high level

clouds connected to a frontal zone.

by the lower surface and cloud top fluxes and also lower
liquid water content. Furthermore, solar radiation acts
for the case of ASC both day and night in summer and
the melting ice keeps the surface temperature constant,
thus suppressing convection.

Until now, observations of ASC describing mean
conditions and detailed turbulence structure have been
limited to the Canadian and American regions of the
Arctic. Most of the previous studies have focused on
the radiative properties of the clouds in the infrared
and solar part of the spectrum (Herman 1977; Herman
1980) as well as on their dependence on the micro-
physical cloud composition (Herman and Curry 1984;
Curry and Herman 1985). Many of the cases show
near cloud base an adiabatic increase of liquid water
content with increasing height in clouds while the
drop concentration remains nearly constant ( Tsay and
Jayaweera 1984; Curry 1986). The cloud morphology
and internal structure depends strongly on the type of
air flow in which they form as was shown by Tsay and
Jayaweera (1984). According to their work, ASC tend
to appear sometimes as multilayered clouds. The upper
layer clouds that are not connected to the PBL are
formed by advection of moist air at those levels. For
the first time Curry (1986) presented a combined anal-
ysis of vertical velocity, temperature and humidity
fluctuations, radiative fluxes and cloud microphysical

properties. The analysis clearly identifies the cloud top
as the thermaily most active part of ASC with negative
buoyancy fluxes in all cases. These results were com-
pleted by the detailed description of the mean and tur-
bulence conditions for two cases of Arctic summertime
cloudiness as measured from instrumented aircraft
(Curry et al. 1988).

Modeling of ASC has proceeded during the last years
essentially in two main directions. The first makes use
of integrating mixed-layer models that are able to sim-
ulate conditions in the CTBL at low computational
expense. Budget equations of the vertically conservative
variables, such as dry and moist static energy, are solved
for three layers: the surface layer, the well-mixed cloud/
subcloud layer, and the inversion layer (Lilly 1968;
Kraus and Schaller 1978a). In order to close the system
the turbulent fluxes must be specified at the mixed layer
boundaries. This is rather difficult to accomplish at the
cloud top, and is usually done by parameterizing the
entrainment rate. The assumption is that a certain

fraction of the turbulence kinetic energy (TKE) pro-

duced by buoyancy in the mixed layer, is then con-
sumed by negative buoyancy at the top of the well-
mixed layer. The role of wind shear in determining the
production and consumption rates of TKE has been
touched briefly by Randall (1984) but was until now
not considered in integrating mixed layer models.

’
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However, in spite of this restriction, the evolution of
layered clouds can be studied for different climate re-
gions (Kraus and Schaller 1978a; Schubert et al. 1979)
under the influence of various external conditions such
as large scale subsidence and advection, surface con-
ditions, radiative fluxes above cloud top and stability
of the air aloft. Applying a model of this kind of Arctic
conditions at 80°N Busch et al. (1982) obtained small
negative fluxes near the surface which increase to a
maximum value just below the inversion and then
rapidly drop to zero. No region with negative entrain-
ment fluxes of heat is simulated, in contrast to the ob-
servations.

A second group of models consists of one-dimen-
sional ensemble-averaged models. In these models the
combined effect of all scales of turbulence on the mean
variables is parameterized with methods of different
degrees of complexity. Herman and Goody (1976)
adopted constant exchange coefficients with height, and
they first showed by their simple dynamic model the
importance of radiation for the formation and dissi-
pation of Arctic stratus clouds. In particular, they re-
lated the occurrence of two layered ASC to the ab-
sorption of solar radiation within the cloud layer. Otha
(1982) and Forkel and Wendling (1986) showed that
the separation of the clouds into two layers cannot be
explained by absorption of solar radiation due to pure
water droplets alone. Both studies are based on one-
dimensional models of the CTBL that use stability de-
pendent eddy diffusion coefficients.

One-dimensional ensemble-averaged models that
apply higher order turbulence closure schemes are more
detailed in their formulation of turbulence. This

method solves in addition to the equations for the mean -

velocity, humidity and temperature, the equations for
the second-order moments. Models of this type give
detailed insight into the effects of several physical pro-
cesses in determining the turbulent structure of the PBL
and have up to now been applied either to cases of the
convective boundary layer (Mellor and Yamada 1974;
Andre et al. 1976; Chen and Cotton 1983b; Finger and
Schmidt 1986) as well as to the CTBL (Oliver et al.
1978; Moeng and Arakawa 1980; Moeng and Randall
1984; Chen and Cotton 1983a, 1987; Chen 1985; Bou-
geault 1985; Duynkerke and Driedonks 1987). The
models differ mainly with regard to the particular clo-
sure scheme that is applied. The accuracy of this model
type in describing the vertical turbulence structure has
been demonstrated by comparing numerical simula-
tions with laboratory and field experiments (Finger and
Schmidt 1986; Chen and Cotton 1987; Duynkerke and
Driedonks 1987).

Despite the fact that important progress has been
achieved, there remain many open questions related
to the structure, formation and evolution of ASC.
Measurements of the meteorological parameters rele-
vant to the turbulence structure of ASC are restricted
until now to the observations of Curry (1986) and
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Curry et al. (1988). There analysis gives a plausible
picture of the internal dynamics of the Arctic CTBL.
However, they point out that existing cloud models,
especially of the vertically integrating mixed layer type,
may obscure important processes that significantly af-
fect the CTBL energetics. As a consequence, a detailed
comparison between measurements and calculations
based on models considering the most relevant physical
processes with respect to the turbulence structure of
the Arctic CTBL is still missing. Therefore, during
MIZEX 84 high frequency measurements of wind,
temperature and humidity, radiative fluxes and cloud
microphysical properties were carried out with the
German Falcon research aircraft. The experiment took
place during June and July of 1984 in the Fram Strait
between Svalbard and Greenland. This paper describes
the measurements, which give detailed information on
the cloud morphology, the vertical profile of the tur-
bulence fluxes and of the turbulence kinetic energy.
Further, a one-dimensional statistical model with sec-
ond-order closure was developed to study in detail the
influence of the most important physical processes on
the turbulence structure of the PBL. The model pre-
dictions of the first and second-order moments are
compared with the observations. Due to the well-de-
veloped horizontal homogeneity of ASC, the ensemble-
averaged model is shown to be capable of simulating
the cloud structure and development. By determining
components of the budget equations for the vertical
velocity variance, the turbulence kinetic energy and
the turbulent heat flux, the turbulent structure of the
Arctic CTBL is investigated and the interaction of ra-
diation, wind shear and buoyancy is described. The
effects of radiation and large scale subsidence are dem-
onstrated in parameter studies.

2. Description of the one-dimensional model

The structure of the cloudy boundary layer depends
on radiational, cloud-microphysical and dynamical ef-
fects. For simulations of the CTBL parameterizations
are needed for each of these physical processes, and
must be coupled within an interactive model.

a. Dynamical part

Starting from the well-known Boussinesq system,
we assume horizontal homogeneity, thus reducing the
problem to one dimension in the vertical. Neglecting
molecular diffusion, precipitation and ice within the
cloud, the equations for the ensemble mean quantities
are:

du du'w’ di

—_— = 1y — — —_— W — l

ot S0 = v) 9z v 9z ()
v v'w' v

_— = — 17 — e e A e 2

ot Sflu ug) 9z w 3z (2)
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or; ow'r,  _or,

_— e _ 3
ot 0z 0z (3)
36 ow'e) 9, 1 4R
__l=__w_1__u‘,_l__.___ (4)
or 0z 0z  pc, 0z

The prognostic mean variables are the horizontal wind
components # and U in the x and y directions, respec-
tively, the liquid water potential temperature 6,=0(1

- L /(c,,T )r;), and the total mixing ratio, 7, = F
+ 7. Betts (1973) and Deardorff (1976) showed that
#, and 7, are quasi-conservative quantities for phase
changes if the liquid water remains within the volume.
" This simplification is supported by the fact that our
measurements show only a small concentration of
droplets with diameters larger than 60 pym implying
that collection and coalescence processes due to falling
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droplets may be relatively unimportant in our case of
ASC. The influence of the large scale pressure gradient
is represented by the components of the geostrophic
wind, ug and v,. The vertical velocity # depends only
on height, so no prognostic equation is solved.

The unknown terms in this system are the second-
order moments, i.e. the turbulent vertical fluxes of the
mean quantities. Deriving the time dependent equa-
tions for these unknowns we encounter terms such as
advection, production by gradient generation and
buoyancy, that may be calculated directly, as well as
other terms which must be parameterized, such as dif-
fusion, dissipation and pressure velocity correlations.
Using the Kolmogoroff hypothesis for dissipation and
the formulations of Rotta (1951), Launder et al. (1975)
and Zeman and Lumley (1976) for the pressure-ve-
locity correlations, these equations read for single
components:

du? — T 4{=5 1 ,
2 ——, q 2
+(§CBm)g(ﬁl /+,32Wh+»33w"1)—-65m7 (5)
o2 _? 80 aw'v? a(= 1 |
R Rk " *cRmi(,” ~34 ) |
2 =57 7 5y _ 2 g4 ,
+ (3 cBm)g(:Blw 7+ Baw'ry + Bsw'ry) — 3 Cem 7 q- (6)
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4 —7 2 q 2
+<2—§cBm)g(61w 01+32W7'z+ﬁswrl)_" Ccm7 (7)
307 7 38, owo? —
_aTIZ_ _32“2 Ielal azl c"%lo"z ®)
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A down-gradient approach is made for parameterizing
the triple correlations:

— d ;2
WP = —Comgl ot (15)
oz
ow'u
wul = v (16)
oz
a_l—r
wla = va (17)
oz .
_— v
wa'b' = —c3rql wa . (18)
0z

Here, a and b represent any scalar variable. The buoy-
ancy coefficients, 8,, 8, and 33 consider the influences
of density fluctuations forced by temperature fluctua-
tions, water vapor fluctuations and condensation ef-
fects. In the velocity variance equations the influence
of condensation is accounted for by the correlation
between fluctuation of vertical wind speed and liquid
water content w'r;, parameterized using the approach
of Deardorff (1976). The terms associated with the
fluctuations of the radiative heating rate are neglected
in our second order equations. This simplification may
be supported by the horizontal homogeneity of the ob-
served cloud layer, although, in the case of broken
cloudiness these terms may be large (Moeng 1986).
The constants used in the equation system above are
taken from the literature, and the same values are used
by Finger and Schmidt (1986) for simulating a con-
vective boundary layer in a water tank: ¢,,,, = 1/16.67,
co = 0.1, Cpm = 3/10, CpT = 1/3, Crm = 036, CRT
= 046, Com = 00, cor = OO, Cpy = 1/5, Cim = 1.5, C3r
= 1.1. The zero values of cg,, and cgr were found to
be sufficient, as numerical tests have shown. The dif-
ferences between our constants and those of other au-
thors are related to our use of ¢ instead of VE in the
Egs. (1) to (20).

The set of equations is closed by the length scale /.
As the results are sensitive to the value of / a few more
details are given on its parameterization. The formu-
lation of Bougeault ( 1985) is adopted, which takes the
vertical distribution of E and the thermal stability of
the CTBL into account. This formulation considers
the free path of an air parcel moving upward or down-
ward against the thermal stability and thereby con-
verting its own turbulent kinetic energy into potential
energy. The conversion rate between kinetic and po-
tential energy is assumed to be unity. Then /is a geo-
metric average of the free path upwards /, and down-
wards ldi l= %luld/(lu + ld)

Horizontal turbulent fluxes. Three assumptions are
made for computation of the horizontal turbulent
fluxes: local equilibrium, no diffusion and no vertical
advection of second-order moments. These assump-
tions lead to four diagnostic equations:
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These variables are needed in the buoyancy terms of
Egs. (11) and (12).

The equations are discretized in the vertical by the
method of finite differences using a grid spacing of Az
= 5 m from the bottom up to a height of 1000 m. In
Fig. 2 the arrangement of first-, second- and third-order
moments is shown. We use this kind of staggering to
involve only two gridpoints when a vertical divergence
of a flux is needed, e.g..

e

9z X z| k12 = Zlk-1y2

_ Wik~ Wil

]

K = index of gridpoints.

In this kind of staggered grid, mixed terms such as
gradient production terms are sensitive to different dis-
cretizations. By numerical tests we choosg the following
approximation, e.g. the production of u'? in Eq. (5)
reads:

ulx

i) — U]k )"
ko ————— .
z|l g — zl k-1

— : '—2 2 2
Wemeeeaaar 2 o ww'iowu', wy!
k +1/2 -
w'e'zw'r'2
L' t

2 22T T
L el,rt,u,v',w,elrt
e,r,u,ve Z m———— 2 —_
l t k q, l' wl U;Wl,wluie‘l

e T

w uI rt i = 1,2
_________ Z ————

k-1/2

FIG. 2. Numerical grid and vertical arrangement of the variables
in a staggered discretization. The height is denoted by the index k,
the center of a single mesh by (®) and the boundary of a single mesh
by (---).
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Other approximations tended to produce waves with
wavelengths of 2Az that were suppressable only by an
enormous reduction of the time step. For the integra-
tion in time the Adams-Bashforth method is applied
using a time step At = 0.05 s. Besides the realizability
conditions for the second-order moments (see Appen-
dix) no additional techniques for filtering in space or
time are needed to obtain stable solutions.

At the lower boundary the no-slip condition is
adopted for both horizontal wind components. Here
the temperature is kept constant with time using T
= —1.5°C, which is the approximate temperature of a
mixture of ice and salty water. The mixing ratio of
water vapor is always adjusted such that the saturation
point is reached at the ocean surface. Between the sur-
face and the first mesh center above the surface, z,,
the vertical gradient of momentum is approximated
by a logarithmic wind profile for the neutral case. The
profiles of §;, and 7; are analogously calculated using
the turbulent Prandtl number of 0.74. The friction ve-
locity is calculated from the horizontal wind variances.
The approximation for the neutral case is rather good,
as we satisfied these conditions in our observations:
|z/L| =~ 2.1 X 1073 < 1. The Monin-Obuchov length
L is derived from the lowest flight level. At the upper
boundary we use the “zero-gradient” condition for the
first moments, and all moments of higher order are set
to zero.

b. Condensation and radiation

The thermodynamic prognostic variables, §;, and
7., are approximately constant with phase changes if
the liquid water remains within the volume (Betts 1973;
Deardorff 1976). The temperature and the relative hu-
midity are calculated diagnostically from these vari-
ables. We adopted the McDonald (1963) condensation
scheme, whereby the point of saturation equilibrium
between temperature and vapor pressure is determined
by iteration, and by that the saturation mixing ratio
7t 1s known. The mean mixing ratio of liquid water
is then given by 7; = 7, — 7 . In the case of subsatur-
ation 7; is set to zero considering the effect that liquid
water staying within the volume from the time step
before evaporates immediately. 7; is a dynamically
passive constituent within the cloud, i.e. precipitation
as well as the flux divergence of the gravitational fallout
of large water drops are neglected. In cases with drizzle
precipitation this neglect would produce more cloud
water and hence more longwave cooling at cloud top,
thus, further enhancing buoyancy production of tur-
bulence. The simplification in our case is supported by
the fact that the measurements show only a very small
concentration of droplets with mean diameters larger
than 60 pm, implying that collection and coalescence
processes due to falling droplets may be relatively un-
important in this case of ASC.

The turbulent liquid water flux, w'r}, and the buoy-
ancy flux, w'#),, are calculated diagnostically from the
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prognostic variables, w'8; and w'r}. Using the Clau-
sius—Clapeyron equation, the equation of state and the
Reynolds-type averaging operator, Deardorff (1976)
proposed the following approximations:

W~ W = Wria (21)
W, ~ %(1 +0.617 — F)WT'
+ 8(1.61WTrk — Wr)). (22)

The divergence of the net radiation flux — (pc,) "' (3R/
dz) represents an tmportant source or sink term in Eq.
(4) for the liquid water potential temperature. For the
calculation of the shortwave and longwave radiative
fluxes and cooling rates a radiation model is employed
that was developed by Zdunkowski et al. (1982) for
the use in circulation and climate models. It includes
the radiative effects of water vapor, CO,, NO,, O3,
aerosol and cloud particles with arbitrary vertical dis-
tribution and cloud fractional coverage. Multiple scat-
tering is handled with an improved flux method in the
solar spectrum and the atmospheric infrared window
region. For integration, the solar spectrum has been
divided into four suitable subregions. An extended
emissivity method is used to treat the remaining in-
frared spectrum.

The required extinction and absorption coefficients
and the asymmetry factor of the phase function for the
water droplet size distribution functions are calculated
with Mie theory. Presently four droplet size distribu-
tions can be used, which are selected as function of the
liquid water content in order to cover nearly all rea-
sonable atmospheric situations. Stratus type clouds are
approximated by a size distribution according to Best
(1951). Several types of aerosol size distributions are
distinguished that are mainly valid for boundary layer
investigations. In our case a special dataset representing
clean Arctic summer conditions has been established.
The influence of humidity on the extinction parameters
of aerosol particles is taken into account following Ha-
nel and Lehmann (1981).

The interactive coupling between our dynamical and
the radiative part of the model is done by the transfer
of profiles of temperature, relative humidity, liquid
water content and cloud coverage (either 0% or 100%)
to the radiative model. The profile of the atmospheric
variables above 1000 m is taken as constant with time.
Cooling or heating rates are calculated, and then trans-
ferred back to the dynamical model where they are
used to solve the temperature equation. The vertical
resolution of the radiation model is identical to that of
the turbulence model in the lowest 1000 m. Above this
height the grid sizes are enlarged to allow radiational
transport to a height of 50 km. As the time rate of
change of the concentration of atmospheric constitu-
ents is small, the time rate of change of the radiation
field is also small. Therefore, incurring only a small
error, the radiation subprogram is called every five
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minutes of integration time, as well as every time when
cloud top changes by one or more gridpoints.

3. Description of the experiment and data analysis

The Marginal Ice Zone Experiment was conducted
in June and July 1984 in the area of the Greenland
Sea. The main purpose was to obtain a better under-
standing of the influence of the ice edge on the heat
and momentum fluxes in the ocean and the atmosphere
(Johannessen 1987). In this region and during this
season the frequency of ASC is very high. The DLR
took part in this experiment performing measurements
with the atmospheric Falcon 20 research aircraft. In
addition, radio soundings were performed by four par-
ticipating research vessels. A receiver station in Tromso,
Norway recorded the data of the NOAA-6 and NOAA-
7 satellites. The Falcon is equipped with sensors that
are able to measure the standard meteorological pa-
rameters such as complete wind vector, temperature,
humidity and pressure with a sampling rate of 100 Hz
associated with a mean aircraft speed of ur =~ 100 m
s~!. The majority of the Falcon instrumentation and
its performance has been described in previous papers
(Hauf 1984; Meischner 1985) and are not repeated
here. However, some discussion is necessary because
of the use of existing sensors within cloud. Air tem-
perature was measured with a Rosemount total tem-
perature probe mounted on the fuselage. Although this
probe is designed to prevent water droplets from im-
pinging on the sensor, under various conditions the
sensor can become wet. Therefore, we looked for cor-
relations between the variables r, r;, and 7 which might
indicate wetting. We detected no systematic variations
of the correlations within clouds. Further, if the sensing
wire would be wet we should notice a depression in
the measured temperature after leaving the cloud due
to evaporating cloud drops. However, we did not find
such a depression and therefore assume that the probe
was little affected by liquid water.

Specific humidity fluctuations were measured with
a Lyman-« instrument mounted in a separate channel
equipped with a Rosemount housing for the air inlet.
Wetting of this instrument would be indicated by a
slope of the humidity fluctuation power spectra steeper
than —%;. However, no change of steepness of this
kind was observed at any leg within clouds and it is
therefore assumed that any effect of wetting of the in-
strument can be ignored in the data.

Cloud droplet sizes and concentrations were re-
corded by Knollenberg probes FSSP and OAP-230X,
as well as long- and shortwave radiative fluxes by Ep-
pley Pyrgeo- and Pyranometers. During the experiment
the FSSP was operated in the droplet diameter range
of 2-32 um and resolved into 15 equal size classes, i.e.
2 um bins. The OAP-probe was operated in the 20-
600 um range and resolved into 30 equally spaced
channels, i.e. 20 um bins. After correction of the over-
lapping effects of both probes the mean liquid water
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content was computed by producing 1 sec averages
from the concentration measurements. On the other
hand, the turbulent liquid water flux was determined
from data originally sampled with 10 Hz.

During the whole duration of MIZEX 84 seven ex-
perimental flights were performed for the ASC pro-
gram. We will report here on the measurements of 26
June 1984 (flight number 1073). On this date we found
an ideal case of ASC. Its synoptic situation and the
area of our measurements (80°N, 4°E) are plotted in
Fig. 3. No broken cloudiness was observed within the
experimental area. The ocean was covered approxi-
mately by % ice in the form of drifting floes that were
rather uniformly distributed in the area. The surface
temperature was about —1.5°C.

a. Synoptic situation

The distribution of surface pressure for 0000 UTC
June 26 in the area of the Arctic polar basin is domi-
nated by a cyclone (995 hPa) located above the Beau-
fort Sea and an anticyclone (1025 hPa) east of the
Soviet island of Novaya Zemlya. Accordingly there is
an advection of warm air from lower latitudes into the
region of the Fram Strait. Connected with the anticy-
clonic curvature of the isobars is a large scale subsidence
that may contribute to the formation of an inversion
in the temperature profile. At the surface the advection
of warm air was already established at 0000 UTC 26
June and therefore at the time of our measurements
(1600 UTC) a large homogeneous field of ASC was
fully developed (s.a. Fig. 1). The ASC field broke up
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F1G. 3. Synoptic situation for 0000 UTC 27 June 1984 from the
European Meteorological Bulletin edited by the German Weather
Service. The area of the aircraft measurements is hatched.
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between 1700 UTC 26 June and 0000 UTC 27 June
due to the passage of a cold front which arrived from
the west and produced snow showers and a wind shift
to a northerly direction. The persistence of this ASC
case was about two days.

b. Experimental design

When developing the flight pattern we considered
two important points: first we wanted to get as much
information as possible about the vertical structure of

* the CTBL. This required a large number of horizontal
flight legs at different heights, for which each had to
have-a long enough time series to guarantee stable sta-
tistics. Second the Falcon has a limited endurance time
of three hours for flights in the PBL. Considering the
travel time from Svalbard to the experimental area,
only 1.0 to 1.5 hours remained for the measurements.
Bearing this in mind, we performed our measurements
in seven different flight legs, which had lengths between
12 and 60 kilometers. Taking the height of the inversion
z; =~ 400 m as a typical scale for the boundary layer
phenomena, the shortest flight leg should contain on
the order of 12 km /400 m = 30 samples of such phe-
nomena. For the other flight legs this ratio is much
better.

The height of the inversion is determined from the
temperature profile, that is recorded during the descent
at the beginning of measurements. Because of the re-
markable temperature inversion it was possible to per-
form one flight leg exactly at the height z; (that cor-
responds to the cloud top) and to determine directly
the exchange between CTBL and free atmosphere. In
the case of flight 1073 we found a weak horizontal
inclination of the inversion in the north-south direc-
tion. Because of this inclination and the inaccuracy of
the aircraft’s autopilot in flying at a defined level, the
measurements were taken during the first half of the
flight leg ( ~ 18 km ) above and the second half (~12
km) inside the cloud top. Both parts are regarded as
independent distances for averaging and are analyzed
separately. The vertical resolution of our measurements
is about Az = 5 m in the region of cloud top.

¢. Data analysis

In this paper we want to quantify the processes that
determine the steady state ASC. Therefore, the data
are analyzed to give the values of the terms of the bal-
ance equations for 8;, w'?, E and w'6).

After correction of systematic errors such as adiabatic
warming (Meischner 1985) or motion of the aircraft
itself (Hauf 1984 ), the time series must satisfy three
criteria before the data are used for further analysis:
(i) the flight path must be linear, with (ii) no change
in air mass, and (iii) no change in height above sea
level. From such time series the mean values were cal-
culated for each flight leg. After that the linear trends
of the data were eliminated, if necessary, in order to
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suppress large scale effects on turbulent moments. As
the flight track was parallel to the mean wind direction
in the boundary layer ( ~200°), the wind components
u and v of the natural coordinate system are the along
and cross wind components after a transformation of
the coordinate system. In all further discussions we
will use these transformed wind components. From
the time series of physical data the variances, covari-
ances and triple correlations were derived.

The dissipation rates of u'2, v’ and w'? were cal-
culated from the inertial subranges of their individual
spectra. Starting from the —%; law of the inertial sub-
range for atmospheric motions at high Reynolds num-
bers, the equation for spectral density S, is, after the
transformation from wavenumber to frequency:

27 (23)

U 2/3 _

Su(f) = as(_) 62,/3f 33
where f is the frequency and e is the dissipation. The
spectral constant is a;, = 0.51 for the along wind and
a; = (4/3)0.51 for the cross wind components, taken
from Brost et al. (1982). From Eq. (23) the individual
dissipation rates ¢,, ¢, and ¢, are derived. The dissi-
pation rate ¢ for E is then the mean of these three
values. According to the theory of isotropic turbulence
€4, €, and ¢, should be identical, but in the case of real
measurements there are differences. The standard de-
viation of the single measurements is not larger than
15% of their mean.

Horizontal homogeneity with reference to second-
and third-order moments is tested by carrying out the
averaging procedure first for the whole flight leg and
then separately for the first and second half of each
flight leg. If the three different means agree, the leg is
considered horizontally homogeneous; otherwise the
differences are a measure of the inhomogeneity. How-
ever, we are aware of the fact that the determination
of more accurate third-order moments would need
much longer flight legs than we could carry out (Wyn-
gaard 1973).

4. Results of measurements and simulations

Before discussing the results of our measurements
and simulations in detail, we give the characteristic
values of the CTBL of this case study in Table 1. z; is
the inversion height, where w'6’ reaches a minimum,
Ah; is the thickness of the inversion, defined by the
range where 60/9z > 5 K/100 m, z, is the height of
cloud base above surface. The values of u,, 8, and r,
are derived in the same way as Brost et al. (1982),
using the measurements from the lowest flight leg (90
m). The sign and the magnitude of 6, and r, indicate
that this is a case of light convection and the value of
the dimensionless stability parameter |z;/L| shows
additionally that the turbulence structure is not dom-
inated by the surface heat flux and that its influence is
unimportant at cloud top.
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TABLE 1. Characteristic values of flight 1073.

z; Ah; 2z Uy —0y —Tx z;/L
(m) (m) (m) (ms™) (X) (gkeg™)
410 40 170 0.35 5.7-1073 11-1073 -0.35

a. Initial conditions of the model

The initial values for the first moments were taken
from the smoothed data of the descent at the beginning
of the aircraft measurements and are plotted in Fig. 4.
The large scale forcing by pressure is represented by
the components of the geostrophic wind u, and v,
which were assumed to be constant with height and
time and equal to the measured wind components of
the free atmosphere. This assumption is done caused
by lack of large scale pressure data at different heights.
The vertical velocity component was set as w = 0.0 m
s~!. All initial profiles of second-order moments were
also set to zero, except for the turbulence kinetic energy
at the lowest level, set arbitrarily as: g = 0.6 m? s 2,
which implies u'? = v'2 = w'?2 = 0.2 m? s 2 These are
typical values for the PBL, but for the numerical so-
lution it is unimportant, as numerical tests have shown.
The surface fluxes were computed using z; = 5.0
X 1073 m, taken from Guest and Davidson (1987).

At the beginning of the time integration, the vertical
distributions of the turbulence energy and of the tur-
bulent fluxes do not fit to the mean profiles because of
the rough estimation of the initial values. As all vari-
ables, except i, Vg, w and T, are adjustable, the model
needs some time to compute the correct turbulence
structure corresponding to the prescribed physical
conditions. This time is called the adjustment time and
amounts approximately to one hour. In Fig. 5a the
time and height dependent evolution of FE is plotted.
Initially E grows at the bottom because of surface fric-
tion. Twelve minutes later energy production starts at
z;, caused by thermal destabilization due to radiative
cooling. After 18 minutes a very high amount of F is
reached with an absolute maximum of about 0.9 m?
s~ at a height of z ~ 200 m. After passing through a
relative minimum at 30 minutes, turbulence energy
reaches a quasi stationary state at 60 minutes integra-
tion time. In Fig. 5b the profiles of £ are shown for
different time periods. Starting with the initial profile
A (zero except the value at surface), profile D is
asymptotically reached after passing the states of too
high (profile B) and too low (profile C) turbulence
energy. The profiles that are obtained after the adjust-
ment time are compared with our measurements.

b. Profiles of first-order moments

Figure 6 shows the measured profiles derived from
the descent and from the different horizontal flight legs,
as well as the calculated profiles after the adjustment
time. The profiles of mean wind speed demonstrate a
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well mixed CTBL, connected with a wind jump (Au
~ 3.5 m s™') from the wind in the boundary layer to
the geostrophical wind above inversion. Below z; a sig-
nificant turbulence intensity is indicated by the high
variability of the profiles. The differences between the
observations themselves are caused by the different pe-
riods of averaging. While for the descent the averaging
time is one second, the means of each flight leg are
computed for the whole duration of the flight leg. The
main features of the temperature profile, shown in Fig.
6c include the strong inversion with a jump of Af
~ 4.5 K in a thin layer of Ah; ~ 40 m and weakly
stable subcloud and cloud layers.

The profile of the total mixing ratio (Fig. 7a) shows
a well mixed PBL, a remarkable jump of about Ar,
~ —1.1 gkg™! at z;, and a dry troposphere at higher
altitudes. The profile of liquid water content is shown
in Fig. 7b. The cloud base is located at 0.4z;; from this
height 7 increases adiabatically up to 0.9z;. In the in-
version zone 7;is subadiabatic, which is a typical feature
for the entrainment of dry air from above and the sub-
sequent evaporation of cloud droplets. The vertical
distributions of droplet concentration and mean di-
ameter are plotted in Fig. 7c and 7d. The constancy of
concentration and the monotonic increase of mean di-
ameter with height indicates that the growth of droplets
by condensation is the dominant microphysical process
in this case of stratus clouds.

¢. Balance of temperature

The local time derivative of 6, is controlled by tur-
bulent mixing, vertical advection and radiative cooling
[see Eq. (4)]. When comparing the measured and
simulated balances we have to bear in mind, that the
measured balance (Fig. 8a) has a poor vertical reso-

" lution with respect to the simulations. At the left-hand

side of this figure the different heights of observations
are marked and the resulting values for the cooling
rates are integrated values for every layer of roughly
50 m. The agreement of maximum cooling rates of
about —6 K d~! is very good. The observations at z/

10007~
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FIG. 4. Initial profiles of mean values for flight No. 1073.
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FI1G. 5. Evolution of turbulent kinetic energy (E) during adjustment time (¢): (a)
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0.04 m?s~2and Eq., =~ 0.9 m?s7% (b) height vs E at different times denoted by lines

A,B,Cand D.

z; =~ 0.9 show substantially lower values for the tur-
bulent mixing term than the calculations, probably due
to the poor vertical resolution of the flight legs near
the inversion. The residual, R,, includes local time de-
rivative, possible vertical advection, condensation and
errors of the measurement. Its large value between z/
z; = 0.8-1.0 can be reduced by assuming a mean sub-
sidence of the order of 1072 m s~ !, For this value the
vertical advection term —w(d6,/dz) with the measured
temperature jump amounts to 1073 K s~!. This is just
the magnitude of the sum of the other balance terms.
As the subsidence velocity is only known qualitatively
(section 5b) this estimate is not included into Fig. 8a.

The simulated budget allows a more distinct analysis.
As w = 0.0 m s™! is assumed, the vertical advection
gives no contribution and the remaining effects have

b)

X

270

vi{mls) ev

0 4 8 280

u (m/s) (K)

FIG. 6. Vertical profiles of wind components and temperature.
The solid line represents the measurements during descent and the
crosses represent measured averages of each flight leg. The dashed
lines mark the simulations at one hour of simulation time. In curve
c¢) open circles denote measured average values of 8, on the first half
of flight leg and crosses those of the second half of flight leg. The
wind components u, v are given in the natural coordinate system.
The double arrow indicates the vertical extent of the stratus cloud.

to balance each other exactly, if a stationary situation
is reached. In Fig. 8b the simulated terms of the balance
Eq. (4) are plotted. The local time derivative is strongly
negative just above z;. In this region the atmosphere
is cooled and cloud top rises. The physical reason for
this effect is the mixing of cold air from the CTBL with
the potentially warmer air of the free atmosphere. The
radiative cooling is most efficient in a small region of
10 m (two grid points in the model resolution) just
below z;, and then decreases to small values in the
lower 20-30 m. The radiative cooling is not completely
compensated by turbulent mixing (—dw’68}/3z). How-
ever, the total resulting cooling at cloud top can be
offset by heating through a possible vertical advection
of temperature in the range of 107> K s ™! as mentioned
before. Note, that Chen and Cotton (1987) too found
a balance of radiative cooling, turbulent mixing and
heating by large scale subsidence. In the lower part of

a)
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FIG. 7. Vertical profiles of total mixing ratio and liquid water con-
tent as well as of cloud microphysical variables. NW denotes the
number of droplets per cubic centimeter, D the mean diameter of
cloud drop size distribution. Every point is a 1 s mean value of the
whole flightpattern while numbers 1. . . 7 indicate single flight Jegs.
The dashed line represents the model results.



1 JUNE 1990

JORG E. FINGER AND PETER WENDLING

1361

BUDGET TERMS K/d

1
wn
k=l
*
o

-5

1.4 .

1.0 4 \—:‘\~
z -
Z; 1

.6 1

.29

-2 2

BUDGET TERMS 103 K/s

FIG. 8. Balance of the temperature equation as function of normalized height z/z;:
(a) measurements, (b) simulations; the single terms are described by: 4 = 86,/9t, B
= —9w'6;/dz, C = —(pc,)'0R/3z, Ry = +dw'0}/3z + (pc,) 'OR/dz.

the cloud radiative cooling rate changes sign. But the
cooling by the turbulent heat flux (curve B) dominates
in this region, leading to a negative local time derivative
for the whole CTBL.

Both, observed and calculated balances show that
the radiative cooling is partly compensated by the ver-
tical divergence of the turbulent heat flux. In order to
answer the question what the sources of the vertical
turbulent heat flux are and by which process it is con-
trolled the whole turbulence structure of the CTBL
must be investigated because all of the involved vari-
ables are coupled.

d. Profiles of velocity variances and momentum flux

To demonstrate the high degree of horizontal ho-
mogeneity, in the following figures the different means
(section 3b) are plotted for each second-order moment.

The most important variable for describing the tur-
bulence structure of any boundary layer, is the tur-
bulence kinetic energy. In our case (Fig. 9) the profile
exhibits a well-mixed CTBL with E > 0.25 m? s72
below z; and negligible E above z;. In the surface layer
(z/z; < 0.2) the values of #'%, E and u'w’ show maxima
which are caused by the surface friction, since in that
region # adjusts from O m s™! at the surface to ~8 m
s~! within the boundary layer (Fig. 6). In the surface
layer w'? is small and decreases with decreasing distance
from the ground, as the vertical motions are hindered
by the surface. In the region of about 0.5z/ z; the vari-
ance u'> and E are nearly constant with height,
while w'2 shows a small but significant maximum.
Within the entrainment zone w'? decreases to small
values (25% of maximum ), because the vertical mo-
tions are suppressed by the strong temperature inver-
sion. Due to the large damping of vertical motions there
is no secondary maximum of w2 due to radiative cool-
ing.

The secondary maximum of E at cloud top can be
explained by the profile of i7: variance of i is produced
by the adjustment from # to 7, in the thin layer of Ah;.
As w'? is small in this region, found as well by Brost
et al. (1982), the shear produced maximum of u'? is
reflected in the profile of E. The turbulent vertical mo-
mentum flux u'w' is negative (downwards) for the
whole CTBL and exhibits maxima that have the same
origins as maxima of the variances.

The comparison of measurements and simulations
gives good agreement for E in the region z/z; < 0.7,
but distinct differences at the height z;. Here the sim-
ulation does not reproduce the shear produced sec-
ondary maximum. The relative difference between
measurements and simulation AE = (E (meas) — E
(sim))/E (meas) is about 0.57, as opposed to

2,2 —_—
wi€fu utwifu
2 a¥s a0 0%

c) d)

57
4

E (mrs)? W2 (mys)? W(mls)2 Ul (mis)?
FiG. 9. Vertical profiles of velocity variances and of momentum
flux. The measurements are represented by: O—average value of the
complete flight leg and connected by solid line, O—average value of
first half of flight leg, x —average value of second half of flight leg.
The dashed lines represent the simulations. The upper abscissa scale

is normalized, the lower scale is given in SI units.
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AE = (.14 at heights between 0.7 and 0.5 z/z;. In this
discussion we must account for the fact that the criteria
for the horizontal homogeneity are not well fulfilled
for u'? at inversion height, as indicated by the different
means for the same height. At this point we conclude
that the model is not able to simulate the profile of E
in a satisfactory way at the inversion height; the reasons
for this are discussed in section 4i.

e. Turbulent heat flux

The observed profile of turbulent heat flux (Fig. 10a)
exhibits a typical structure. In the subcloud layer it is
small and directed upwards (w'8}, ~ 5 W m~2). This
is caused by the small temperature difference between
ice/water surface and the atmosphere of about AT
~ 1°C. With this small AT it is impossible to get a
large heat flux even if there is a high level of turbulence
energy produced by shear. Inside the cloud pc,w’'8),
increases to values of ~15 W m ™2, Radiative cooling
is most effective at cloud top. To compensate for this
loss of heat, large positive heat flux is established inside
the cloud. At 0.9z/z; the heat flux changes sign, and
at z; becomes strongly negative (pc,w'0, ~ —24 W

m~2). At 1.01z/z; that value decreases to —15 Wm™2
and above 1.2z/z; it is practically zero because of neg-
ligible turbulence kinetic energy and the slightly stable
vertical gradient of potential temperature. This struc-
ture with the large entrainment flux at z; documents
the importance of the cloud top processes in driving
this type of boundary layer.

We have to consider here that the entrainment con-
sumes energy as the cold air from the CTBL is trans-
ported against the thermal stability into the free at-
mosphere, and vice versa. Now another question arises:
What is the source of the energy needed for this trans-
port? The convective boundary layer, which is con-
trolled by the surface heat flux, shows an entrainment
zone with —w'6’|,, =~ (0.1-0.2)-w'0’|; as Deardorff
and Willis (1985) proved by experiment and Finger
and Schmidt ( 1986) verified by numerical simulation.
However, in this case of ASC the entrainment flux
|w'8’|,, exceeds the surface flux by about five times.
This means that the surface has much less influence
on the processes working at cloud top. Therefore, local
effects must be responsible, such as radiative cooling
and wind shear.

Regarding the vertical turbulent heat flux, the CTBL
is divided into two layers, the mixed subcloud layer
with small vertical heat fluxes and the cloud layer. A
decoupling of these layers, such as was found by Ni-
cholls (1984) from experiment and by Duynkerke
(1987) from simulation for a case of stratocumulus
over the North Sea is not found here because the high
level of turbulence energy enforces a strong exchange.
Brost et al. (1982) also did not find this decoupling,
but they emphasized the dominance of shear-induced
processes at cloud top. In their case 17-2 they argue
that breaking waves might be the reason for the large
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observed entrainment flux of ~ —50 W m ™2 In our
case there is no indication that breaking waves are in-
volved. We analyzed the power spectra of the along
wind components and did not find a significant wave-
length.

Apart from cloud top the simulations show good
agreement with the observations in the region between
inversion and cloud base. The entrainment zone, de-
fined by negative values of heat flux, is very well re-
produced in its vertical extent as well as in its magni-
tude. In the surface layer the difference between ob-
servations and simulations is caused by the adopted
initial and boundary conditions of the model. At the
beginning of the simulation the air is warmer than the
water, therefore w'f; is negative and the air is cooled.
As flight legs were not possible lower than ~90 m, the
aircraft measurements are unable to give results at the
surface.

f. Closure assumption of mixed layer models

At this point we test the closure assumption of the
mixed layer model of Kraus and Schaller (1978a). As
mentioned previously, the results of this type of model
are strongly dependent on the adopted closure as-
sumption. Kraus and Schaller (1978a) argue that en-
ergy, produced by buoyancy forces, is also destroyed
by negative buoyancy effects in stable stratified layers.
Their formulation reads:

—fi(m<0)dz/fi(7v_'(ﬂ>0)dz,
0 4]

where r is the critical value of the ratio of negative to
positive buoyancy fluxes and differs for distinct climate
regions. For the Arctic region Kraus and Schaller
(1978b) used rgs = 0.04. Analyzing the results of our
measurements and simulations we g8t Fmeas ~ 0.14
and rgn =~ 0.09. Taking a ‘rough’ average of these
values the parameter is estimated at r ;3 ~ 0.1 for
this case. The comparison with rgg shows that Kraus
and Schaller (1978a) underestimate the entrainment
rate by a factor of about 2.5. Therefore, the growth of
cloud top in their simulations is overestimated.

g Humidity flux and variances of thermodynamic
variables

In order to minimize in-cloud wetting of the hu-
midity sensor the cloud layer was left upwards after
two in-cloud legs to perform two flight legs in the free
atmosphere. After that the final legs were flown in
cloud. The profile of moisture flux derived from mea-
surements and simulations is positive (directed up-
ward) over the total area. In the surface layer the latent
heat flux exceeds sensible by a factor of three. This is
the reason for the difference between pc,w’'8) and -
pc,w'8% in the subcloud layer. Evaporation at the ocean
surface increases the moisture content at the lower
boundary, which is then mixed by turbulence to upper
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F1G. 10. Vertical profiles of fluxes of heat and moisture: symbols
same as in Fig. 9. The left panel shows in addition to _the variable
denoted in the graph the simulated variable pc,w'8#; (shortly
dashed).

regions. At the upper boundary of the PBL moisture
is diluted by entrainment of dry environmental air. As
this dilution is larger than the import from the surface,
the total amount of moisture decreases in the whole
boundary layer. This fact and the time dependent

cooling of the whole boundary layer are the reasons.

why the cloud layer does not grow rapidly from its base
to the ground.

Figure 10 illustrates the turbulent flux of liquid wa-
ter, pL,w'r;that has been determined by the correlation
of the 10 Hz liquid water content (PMS-probe) and
10 Hz vertical velocity data. The latter have been av-
eraged from the original 100 Hz measurements. The
maximum at cloud top indicates an evaporation of
droplets, caused by the downward mixing of dry air
into the cloud layer. This process yields a negative fluc-
tuation of r; with a corresponding negative fluctuation
of w. On the other hand, part of the turbulent flux of
liquid water is probably caused by the warmest in-cloud
parcels having the largest liquid water content. The
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small vertical extent of this zone with strong positive
values demonstrates that the entrainment process is
limited to the upper part of the cloud layer. This is
also reflected in the profile of 7, which shows subadi-
abatic values there (Fig. 7). In the region between 0.5z/
z; and 0.8z/z; both 7; and w'r} increase with height;
hence, the flux is countergradient to a high degree. At
cloud base condensation dominates the profile. If a
saturated air parcel is lifted by a positive w’ above the
condensation level, the liquid water content increases
by the freshly condensed part and causes a positive
r;. If this is the primary mechanism, the mean corre-
lation product w'r} is also positive. The agreement be-
tween simulation and measurement demonstrates the
usefulness of Deardorff’s parameterization of the tur-
bulent liquid water flux [Eq. (21)]. o

The vertical distributions of the variances 87, r;’
and of the covariance 8/r} are shown in Fig. 11. Small
values are found throughout the boundary layer, except
for extreme values in the entrainment zone. This be-
havior is predicted by the profiles of the mean values
(Figs. 6 and 7), as in the mixed layer no large fluctu-
ations are possible for the air parcels displaced in the
vertical direction. On the other hand, in the entrain-
ment zone even small vertical motions cause large
fluctuations because of the strong vertical gradients
there. The model estimates are generally lower than
the measurements, especially for 87> and r;2.

h. Triple correlations

The profiles of triple correlations, e.g. the vertical
turbulent fluxes of the_second-order moments g2,
w2, w8, w'r', 9’ and r'?, are shown in Fig. 12. In
order to check the statistical significance of the mea-
sured profiles we calculated the triple correlations for
the full flight leg as well as for the first and second half
of each leg, just as we did for the second-order mo-

ments. Although a crude approximation for the sim-
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FiG. 11. Observed and calculated vertical profiles of variances of thermodynamic variables.
Only leg averages are shown for the measured values (full line).
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FIG. 12. Vertical profiles of turbulent transports of second order moments. The solid line
represents the simulation and the circles (O) represent the measurements averaged over the
whole flight leg. The bars indicate the range for the measured triple moments averaged over
the first and second half of each flight leg. The upper scaling in (d) is valid for the observations,
the lower scaling for the simulations. In addition, the variables have been normalized in (a)
and (b). The double arrow marks the cloud layer. Note that the simulated correlations with
8; and r, are compared with measured correlations of 6 and r.

ulations of third-order moments is adopted, the results
show some agreement with measurements, giving
at least the same order of magnitude. This refers
only to the correlations g*>w’ and w'? where the same
variables are used both in simulation and measure-
ment. For these variables the down gradient approach
and the related choice of the constant c3,, seems to be
sufficient. We are aware that the direct comparison of
the remaining triple correlations in Fig. 12 is not al-
lowed. However, we think that they are worth pre-
senting here. At least the measured profiles show con-
siderable statistical significance.

. Budget of turbulence kinetic energy

If horizontal advection is neglected, the turbulence
kinetic energy budget is given by

OE GO % o _md
ot oz 0 0z z
W'E — 3w
~ 2w, - —2E e (24)
dz 9z p

For simplicity the whole buoyancy term in this equa-
tion is replaced by w'f;. The terms of local rate of
change, vertical advection and transport by pressure
velocity correlations cannot be determined from the
aircraft observations. Therefore the following simplified
equation shows a balance between a residual Ry and
the rematining terms:

—u'w' % _ v'w’ % _owE

0z 0z

a9z
+ g8 w8, — ¢ + Rg.

0=

(25)
The balance Eq. (25) applied to the measurements can
be compared to the sum of the velocity variances [ Egs.
(5)to (7)] of the model, where the pressure strain terms
sum to zero and all buoyancy production is once more
approximated by w'6}:

OE | _GOE 50l 09
ot az 0z 0z
/E e
— R _WE | i — e (26)
0z dz.
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The shear production, which shows large positive val-
ues, turns out to be the dominant term in the turbu-
lence energy equation (curve B, Fig. 13), near the
ground and near the inversion. This is similar to the
results of Brost et al. (1982). On the other hand, in
the middle part of the CTBL, shear production is small.
Buoyant production (curve D) is positive in the cloud
interior and negative near the inversion. Energy is ex-
ported by diffusion (curve C) from the cloud region
to the inversion zone. The terms discussed thus far are
well represented by the simulations both in sign and
magnitude. Dissipation (curve E) is nearly constant
with height, except in the region near the inversion
where the simulated values increase and are larger than
the measured ones. The structure of the simulated
curve of e is related to the formulation of the length
scale /. If / decreases, ¢ will increase unless g decreases
as € = ¢,,q°/1 is adopted in Egs. (5) to (7). We note
that even the rather complicated formulation for / that
is used in the one-dimensional model does not give
the correct length scale near the inversion in this case.
At this time we do not know, what the vertical profile
of the dissipation rate looks like, as different observa-
tions give different results. The results of Curry et al.
(1988) are not conclusive in this respect. In their case
5, the € profile shows a maximum at the upper cloud
top, while in their case 4 no maximum is found at
cloud top.

The residual Ry contains the vertical advection of
turbulence kinetic energy, the local rate of change, the
pressure correlation term, and all errors from mea-
surements. A detailed analysis of these terms results
shows that the dominant part is represented by the
pressure term, since the other parts are small. Using
typical values of w = —10"2 m s~! and dE/dz = (0.3

normalized BUDGET TERMS
-10 -5 Q 5 10 -10 (o] 10
1.8 T T T T T [ T
141 1 J .
L 3
2z
Zi qof [P ..... R n/\b:\
0.6 b
/ ]
0.2 _a : 4
_aE/D
. L N |
-4 -3 -2-1 0 1 2 3 A4 -4 -2 0 2 4
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FI1G. 13. Vertical profile of the budget of turbulence kinetic energy.
The upper abscissa scale is normalized by (xz;/u3). The left panel
represents the observations, the right panel the simulations. Single
terms_are described by: B = —u'w'(9%/9z) — v'w'(dv/dz), C
= —9w'E/dz, D = gBw'8,, E = —¢, F = 3E/dt, Rg = imbalance
term (B: full circles; C: open circles; D: open triangles; E: open
squares; F: full triangles; Rg: crosses).

JORG E. FINGER AND PETER WENDLING

1365

m?2s72)/30 m, the vertical advection term —wdE/dz,
reaches a value of about 10™* m? s™2, which is much
smaller than the Rg-term shown in Fig. 13. In the
steady state dE /0t is also small, as is demonstrated by
the simulation. Therefore, the remaining pressure ve-
locity correlation term essentially controls the exchange
of turbulence kinetic energy between the CTBL and
the free atmosphere. Our current knowledge about this
term is limited and there is a need for an independent
measurement of pressure fluctuations.

J. Budget of vertical velocity variance

The budget of wlis given by Eq. (7). However, in
the following formula the three parts of the buoyancy
term have been replaced by w'6:

w2 _ow? s ow  ow”
0z az oz 9z
_bfm 1 o _4 e — 2
" (w 39 )+(2 3c3m)gﬁlw (A 3 €

(27)

The equation that can be evaluated from the aircraft
measurements is

wlwl2 3

62 _§E+Rw.

The different terms that contribute to w'2 are shown
in Fig. 14. The dominant process is buoyancy (curve
D) with a positive contribution within the stratus layer
and a negative one in the entrainment zone. Compared
to the budget of E, the diffusion (curve C) is now more
pronounced, with a positive contribution near the in-
version and a negative one within the cloud. In this
case the down-gradient_ approximation works well
for the triple correlation w'>. Again, the measured dis-
sipation ¢ is nearly constant with height, while the
model produces a secondary maximum near the in-
version probably due to the use of an incorrect length
scale.

The residual R,, is determined by the local rate of
change, vertical advection, pressure correlation term
and measurement errors. An estimate gives neglectable
local rate of change and advection using w = —1072/
ms~' and dw'2/9z = 0.1 m?s~2/30 m. In the inversion
zone the residual R,,, essentially representing the pres-
sure transport, is again of importance. It balances the
large contribution due to buoyancy w’8;,. We are now
able to answer the question put forth in section 4e, i.e.
where the enérgy originates to compensate for the loss
of energy caused by entrainment against the thermal
stability. It is delivered from the shear-produced hor-
izontal velocity variances. The pressure strain term
transfers parts of horizontal velocity variances to the
vertical velocity variance, which itself maintains the
vertical exchange between CTBL and free atmosphere.
The parameterization for the pressure velocity corre-
lations scem to work well in this case (curve B, Fig.

0=4+2gBwo, — (28)
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crosses). In case c, the term A is also very small and therefore was not marked.

14). The inclusion of a realistic field of vertical velocity
w (s.a. section Sb) does not sxgmﬁcantly alter our con-
clusions (Fig. 14c¢).

k. Budget of the heat flux

Starting with Eq. (13), and neglectmg the terms
containing w, the local rate of change of the heat flux
is given by

ow'e; ez 80, ow'e;]
At 3z 9z

— PR C —_—
+(2 — car)(gBiO? + gBbT)) — ;" Wi (29)

The equation relevant for the measurements reads:

-3 6_5, 6w’201

0=- 0z 0z

+ 288167 + Ry,.  (30)

Near the inversion the results of the calculations ( Fig.
15, right panel) and measurements show the domi-
nance of the gradient destruction (curve B) and the
production due to buoyancy (curve D) that itself di-
rectly corresponds to the profile of #7 near the inversion
(Fig. 11). The pressure term (curve E for the simulation
and curve Ry, for the observations) acts as a sink in
calculation and measurement. The diffusion term
(curve C) transports w'6} from the boundary layer into
the free atmosphere. The spikes appearing in the sim-
ulated curves are due to the fact that the time step used
for the integration. of the equations is close to the sta-
bility limit. The measurements underestimate the gra-
dient destruction term (curve B) probably due to the
insufficient vertical resolution. The simulated budget
terms are smaller than the measured ones below 0.8z/
z;. However, there is agreement between the structure

of both curves and it is clear that the cloud top rep-
resents the thermally most active part of the Arctic
CTBL.

5. Model sensitivity studies

Thus far we considered only an instantaneous view
of the structure of ASC which has been compared to
the quasi steady-state solution of the model equations.
In order to study the time dependent evolution of ASC
we rely on a sensitivity study based on our model since
no measurements have been carried out that relate to
this problem. Our basic assumption for the following
study is that there is no horizontal advection of first
and second order moments. To initialize the field vari-
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FIG. 15. Vertical profile of the budget of turbulent sensible heat
flux. Single terms are given by: 4 = —wow'd)/dz = 0, B
= —w?80,/3z, C = —dw}/dz, D = (gB0} + gB.0ir), E
= —cpr(gBi07 + gBbTrT) — crr(q/)W'B), F = dw'8/3t, Ru = im-
balance term. (B: full circles; C: open circles; D: open triangles; £
full squares; F: full triangles; R,,: crosses).
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ables for these parameter studies, the profiles of all
prognostic variables are used, which we get after the
adjustment time. These values are related to the time
zero of the sensitivity studies.

a. The influence of radiation on the turbulence structure
of ASC

Since radiative processes only indirectly impact on
the state of turbulence, simulations have been per-
formed for ASC cases with (reference case) and without
radiation. For the reference case of ASC the turbulence
kinetic energy E and the total liquid water content #
are shown in Fig. 16a for two hours of development.
The height of the CTBL as well as the total water con-
tent are continuously increasing. After 90 min a sig-
nificant increase of E takes place starting from the sur-
face. This is caused by the shift of the surface heat flux
from negative to positive values, as the air temperature
now drops below the sea surface temperature. The
steady cooling of the CTBL causes cloud growth. This
is partly compensated by the decrease of total mixing
ratio because the turbulent export of 7, into the free
atmosphere exceeds the import from the surface, as
shown by the profile of w'r} in Fig. 17c.

The time dependent evolution of ASC when radia-
tive processes are neglected is shown in Fig. 16b. First
E decreases rapidly, then increases toward a new equi-
librium value after 20 min. This new energy level is
much lower than that in the case with radiation. In
order to quantify this effect, the levels of E are listed
in Table 2 and plotted in Fig. 17a. The comparison
reveals a drastic decrease of E near cloud top of ~90%;
even at lower heights of about 0.2z /z; the 23% decrease
of E is still significant. As a consequence, turbulent
mixing in the non radiation case becomes weak with
a vanishing entrainment at cloud top, and a negative
turbulent heat flux that is nearly constant with height
(~4 W m™%in Fig. 17b). Due to the lower boundary
condition the turbulent humidity flux is positive and
decreases steadily with height (Fig. 17¢). The resulting
small divergence leads to only weak moistening of the
CTBL which is documented by a lowering of the cloud
base, while at the same time cloud top height remains
constant. On the whole, the cloud is thinner (280 m
versus 325 m) and has a lower liquid water content
(0.26 versus 0.32 g m™3) than the reference case.
Therefore, we conclude that radiative processes indeed
have a strong influence on the cloud morphology as
well as on the turbulence structure of Arctic stratus
clouds. Wind shear, on the other hand is not sufficient
to maintain a high level of turbulent exchange between
the CTBL and the free atmosphere in this no radiation
case.

b. The influence of subsidence on the turbulence struc-

ture of ASC

Before discussing the influence of large scale subsi-
dence on ASC, we will analyze the mean vertical ve-
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locity field of 26 June 1984. The absolute accuracy of
the mean vertical velocity that is determined from the
aircraft measurements is about +0.5 m s !, This value
is not sufficient to give the correct synoptic scale ve-
locity of about 102 m s~!. Therefore w was estimated
from radiosonde soundings performed by the research
vessels near our measurement area (hereafter called
Wgrs) as well as from the ECMWF data analysis for
0000 UTC June 26 (hereafter called wg). For our anal-
ysis, the radio soundings of the research vessels Polar-
stern, Polarqueen and Hakon Mosby from 1100 UTC
June 26 were used. Their positions are plotted in Fig.
18, along with the region of the aircraft measurements.
For calculating wgy the kinematic method proposed
by O’Brien (1970) was adopted, in which wgg is esti-
mated by vertical integration of the horizontal wind
divergence. For consistency Wgs is forced to be zero at
the upper boundary. The results are plotted in Fig. 19.
The data of the ECMWF analysis are available on a
geographical grid with a grid size of 2.5° X 2.5° at the
mandatory pressure levels. The.values of W are given
in Fig. 18 for every grid point at 850 and 1000 hPa,
using a minus sign for subsidence.

In Fig. 19 the results of both methods show a large
scale subsidence in the lower troposphere, which was
indicated by the anticyclonic curvature of the isobars
in Fig. 3. But unfortunately the values of wgg =~ —0.1
m s~! and Wz =~ —0.01 m s~! differ by one order of
magnitude at the 850 hPa level. This difference reflects
the uncertainty of these methods. For both methods
the input data were very poor. While for the kinematic
method only three radiosonde soundings were avail-
able, forming a highly nonsymmetrical triangle (dashed
line in Fig. 18), the density of aerological data for the
ECMWF-data analysis is also low in the north polar
region. Although the magnitude is uncertain, in any
case subsidence is prevailing in the area of the Fram
Strait at the considered time.

As a consequence of warming and drying the ABL,
large-scale subsidence may reduce the cloud liquid wa-
ter. But besides this, are there other effects caused by
subsidence? To investigate this, in the following sen-
sitivity study a profile of non zero vertical velocity is
adopted in addition to the conditions defining the ref-
erence case. The profile of w used in the simulations
is indicated by the dotted line in Fig. 19. The dotted
line presents a mean profile of all crosses and the shape
is extrapolated by eye from the other profiles.

The time dependent evolution of the cloud structure
(Fig. 16¢) shows no ascent of cloud top and E is nearly
the same as in the reference case. The resulting cloud
is lower in LWC than in the reference case (7 (max)
= 0.26 g m™> versus # (max) = 0.32 g m™>). The
increase of E occurs after 60 min, as opposed to 90
min in the reference case. That means that surface heat
flux changes sign earlier and that in the subsidence
case the CTBL cools faster. However, at first sight one
would expect the subsidence case to cool less rapidly
than the reference case due to the advection of warm
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TABLE 2. Turbulence kinetic energy with and without radiation;
considered radiation E,;, nonradiation case E,, in m? s™2 after 1 h of
simulation; AE = ((E — Ey)/Ee) in percent.

z/z; E. E. AE
1.0 0.14 0.01 93
0.9 0.22- 0.03 86
0.8 0.24 0.06 75
0.7 0.29 0.09 69
0.6 0.30 0.13 43
0.5 0.31 0.18 42
0.4 0.31 0.19 39
0.2 0.35 0.27 23

air from the free atmosphere. What are the reasons for
this surprising result? A more detailed analysis of the
balance of the temperature §, shows that the mean sub-
sidence warms mainly the inversion layer due to the
strong gradient of the potential liquid temperature.
Radiative cooling near cloud top is partly compensated
by this heating and as a consequence the turbulent en-
trainment of warm air from the free atmosphere above
is reduced. This is revealed by the weaker minimum
of pc,w'0}| ,, and by a shift of its maximum to a lower
height (Fig. 17b). The reduction of turbulent heating
near the inversion is stronger than the warming due to
the mean subsidence. As a net effect, the CTBL with
subsidence cools faster than the reference case. More-
over, the turbulent humidity flux (Fig. 17¢) is nearly
constant with height, i.e. the turbulent humidity export
at cloud top now balances the import at the surface.
But due to the mean downward advection of dry air,
the total water content is less than that of the reference
case. As a consequence the cloud layer deepens slowly
toward the surface and has a lower liquid water con-
centration than the reference case.

Chen and Cotton (1987) performed similar numer-
ical experiments on stratus cloud development as
function of radiative processes and subsidence. Gen-
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erally, our results are in agreement with their results,
especially the non-radiation case with the overall neg-
ative turbulent heat flux and reduced liquid water con-
tent. On the other hand, their cases with subsidence
have liquid water contents that range between those of
their reference and no radiation case. The deviation of
our results in the subsidence case is probably caused
by the different vertical structure of temperature, hu-
midity and vertical velocity used in both calculations.

6. Conclusions

The vertical structure of turbulence within the qua-
sistationary CTBL has been analyzed by use of obser-
vational data as well as numerical calculations. High
frequency measurements of atmospheric state param-
eters, cloud physical parameters, and radiative fluxes
have been carried out with the meteorological research
aircraft ‘Falcon’ during MIZEX 1984 (Marginal Ice
Zone Experiment) over the Greenland Sea. The mea-
surements represent the first data set for the European
part of the Arctic that gives a detailed insight into the
turbulent mixing process. Moreover, a one dimensional
statistical turbulence model with second-order closure
has been developed. The measured profiles of the first,
second and third moments of momentum, humidity
and temperature are compared to our model calcula-
tions in order to verify basic model assumptions.

Our main results from the analysis of the observa-
tions during the Arctic stratus event from 26 June 1984
are:

¢ The horizontal wind speed is within the range of
about 10 m s™'. The wind shear near the surface and
cloud top promotes turbulent mixing that cannot be
neglected.

e The measurements reveal a well developed hori-
zontal homogeneity of turbulence structure within
Arctic stratus clouds. This is shown by the agreement
of second-order moments which are calculated for dif-
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FIG. 17. Profiles of turbulence kinetic energy, sensible and latent heat fluxes under
different constraints after one hour of simulation time. The reference case is marked
by the solid line, the nonradiation case by the dashed line and the subsidence case is
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FIG. 18. Geographical grid with a size of 2.5° X 2.5° covering the
area of the measurements of 26 June 1984. A, ¢ denote geographical
longitude and latitude, MG the area of aircraft measurements while
PS, PQ, HM denote the positions of the research vessels ‘Polarstern’,
‘Polarqueen’, ‘Hakon Mosby’ respectively. The results of the ECMWF
analysis for the vertical velocity are given at every grid point in mm
s~': numbers in the upper right refer to 850 hPa and in the lower left
to 1000 hPa.

ferent parts of each horizontal flight leg. Also, the nearly
constant’ cloud drop concentration along such flight
legs confirms this fact.

From the budgets of temperature and second-order
moments calculated from measurements and numer-
ical simulations we obtain the following results:

e The comparison of measurements and calcula-
tions shows good agreement for the vertical profiles of
the mean variables, vertical velocity variance, variances
of thermodynamic variables and turbulent fluxes of
heat and humidity.

e The largest deviations arise for the variance of the
horizontal wind components near and below the in-
version. This is caused by the incorrect formulation of
the length scale. However, in spite of these deviations
our model represents a useful tool for the investigation
of the quasi-stationary Arctic CTBL.

e Near the surface the turbulent fluxes of heat and
humidity are of only minor importance once Arctic
stratus clouds have developed. On the other hand, the
profiles of the mean wind speed and the fluxes of mo-
mentum lead to a high level of turbulence kinetic en-
ergy.

* The cloud top has been identified as the region
that controls the entire cloud layer. For fully developed
Arctic stratus clouds the positive heat flux within the
cloud is caused by radiative cooling that attains max-
imum values in the upper 20 m of the cloud. The en-
ergy that is necessary to maintain entrainment against
the thermal stability is delivered from the shear-pro-
duced horizontal velocity variance. Part of this hori-
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zontal variance is transferred to the vertical velocity
variance via the pressure velocity correlation.

e At the inversion height the vertical turbulent
transport of second-order moments and the transport
by pressure velocity correlations are of the same order
of magnitude as those due to shear and buoyancy ef-
fects. The diffusive processes that have been investi-
gated export the corresponding second-order moments
from the CTBL into the free atmosphere.

e The closure assumption used for integrating the
mixed layer model of Kraus and Schaller (1978a) has
been tested. It is shown the entrainment process is un-
derestimated in their model and therefore the vertical
development of the cloud layer is overestimated.

Based on the simulations alone the following con-
clusions can be drawn:

e When radiative processes are not considered the
original turbulence structure breaks down and a new
balance is established. Near the cloud top the turbu-
lence energy is reduced by about 90%, and near the
surface by about 23%. The turbulent fluxes decrease
to very low values. Wind shear alone is not able to
maintain an efficient turbulent exchange in this case.

e Large-scale subsidence can prevent the cloud top
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F1G. 19. Profiles of mean vertical velocity calculated from radio
soundings (lines, lower scale) and ECMWEF analysis (crosses, upper
scale). Lines marked by 1 and 2 present the results by the correction
after O’Brien (1970), line 3 is the unadjusted result. The number of
crosses of ECMWF data differs from level to level because some
datapoints are identical. The circles correspond to the averages of
the crosses for one level, while the dotted line denotes the mean
estimated profile of the vertical velocity for the lower troposphere.
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from rising, but the simultaneous change in the tur-
bulence structure, especially of the heat flux, causes the
total CTBL to cool! faster than in the reference case
(radiation included, no subsidence).

The results presented in this paper refer to only one
case of well developed AS clouds. Nevertheless, we
consider this case as an instructive example in order
to clearly identify different interacting physical pro-
cesses.

There are still questions related to the formation and
dissipation of ASC that might be answered with the
aid of calculations with our model. A parameter study
should allow the determination of the effect of high
level clouds on the structure of the Arctic CTBL. From
a modeling point of view, the question is still open as
to how to appropriately formulate the turbulent length
scale. A solution to this problem might arise from large
eddy simulations. For the case of the dry CBL, Schmidt
and Schumann (1988) showed that there are two dif-
ferent length scales, one for the well mixed and one
for the inversion layer. Corresponding calculations
should be carried out also for the CTBL. We could not
determine the possible influence of breaking waves on
the entrainment process itself. For this purpose mea-
surements under special conditions were made during
a recent experiment in the Arctic region in May 1988
(ARKTIS 88). The analysis of these data is now in
progress. Large eddy simulations should also be per-
formed, as was done by Carruthers and Moeng (1987).
Another remaining question concerns the dissipation
of ASC. This process may be caused by the interaction
of both synoptic and microscale effects, but this needs
further investigation.
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APPENDIX

1. Realizability of second-order moments in numerical
simulation

The used model parameterizations can lead to non-
physical solutions for the turbulent flow. In order to
prevent such an effect, André et al. (1976) and Schu-
mann (1977) introduced the following realizability
conditions:
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1) a?=0.0; to suppress oscillations of the solution
around zero, the criteria is strengthened to: a'?
=103 a’zlmax

2) |ab'| < Va?-b7?

3) det(R;) = 0.0,
where a’ and b’ stand for u}, 6} and r;, Flmax is the

maximum value of each profile, and R;; is the Reynolds
stress tensor.

2. List of symbols

ASC Arctic stratus cloud

CTBL Cloud-topped boundary layer

ECMWF European Center for Medium-range
Weather Forecast

MIZEX 84 Marginal Ice Zone Experiment 1984

PBL Planetary boundary layer

SOC Second-order closure

TKE Turbulent kinetic energy

UTC Universal Time Coordinated

a,b any variable

¢ specific heat of dry air at constant
pressure

E turbulent kinetic energy,
E=05*+v?+ w'?)

f Coriolis parameter, frequency

g constant of gravitation

/ turbulence length scale

L, Iy turbulence length scale upwards and
downwards )

L Obuchov length, L = —u36/
(gxw'8")

L, latent heat of water vapour

p pressure

q° twice the turbulence kinetic energy

7’ 779 Fes rsat

@ =W*+vi+w?) =2E

mean mixing ratios of water vapor,
liquid water, total water and mix-
ing ratio at saturation point

iy Fad mean liquid water content
17 1= p T,
adiabatic liquid water content

Iy scaling factor of humidity, r,
= —w'r'/u,

R net radiation flux

R; Reynolds-stress tensor

R, R, specific gas constants for air and
water vapor

Rg, R,, R, Ry residuals of balance equations

S, spectral density of variance u'

Ty, T, T, reference temperature, temperature,
surface temperature

X, Y, Z, X; Cartesian coordinates, i = 1,2, 3

u,o,w,u; mean components of the velocity
vectori=1,2,3

ur mean aircraft speed of the ‘Falcon’

Up ~ 100 m s™!
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Ug, Vg components of geostrophic wind

Uy friction velocity, u, = ((u'w')?
+ (vlwl) 2)1/4

Wg, Wrs mean vertical velocity derived from
data of ECMWF and of radio-
sonde soundings

Zb, Zi height of cloud base, height of
boundary layer

20 roughness length

B buoyancy coeflicient for tempera-
ture 8, = 1/T,

B2 buoyancy coefficient for water vapor
32 = (Rv/Ra - 1)

B3 buoyancy coefficient for liquid water
content 83 = ((L,/c,T) — (R,/

a
Ah; thickness of the layer of temperature
. inversion

Az, At grid size, time step

€ dissipation rate of turbulence kinetic
energy

€4, €vs €y dissipation rates of variances of mo-
mentum

K : von Karman constant, « = 0.35

p density

0, 86,0, potential temperature, liquid water
potential temperature, virtual
potential temperature

04 scaling factor for temperature, 0,
= —w0'/u,
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