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Summary

A mesoscale numerical model, incorporating a land-surface
scheme based on Deardorffs' approach, is used to study the
diurnal variation of the boundary layer structure and surface
¯uxes during four consecutive days with air temperatures
well below zero, snow covered ground and changing syn-
optic forcing. Model results are evaluated against in-situ
measurements performed during the WINTEX ®eld cam-
paign held in SodankylaÈ, Northern Finland in March 1997.
The results show that the land-surface parameterization
employed in the mesoscale model is not able to reproduce
the magnitude of the daytime sensible heat ¯uxes and
especially the pronounced maximum observed in the after-
noon. Additional model simulations indicate that this draw-
back is to a large extent removed by the implementation of a
shading factor in the original Deardorff scheme. The shading
factor, as discussed in Gryning et al. (2001), accounts for the
fact that in areas with sparse vegetation and low solar angles,
both typical for the northern boreal forests in wintertime,
absorption of direct solar radiation is due to an apparent
vegetation cover which is much greater than the actual one
(de®ned as the portion of the ground covered by vegetation
projected vertically). Moreover, the observed asymmetry in
the diurnal variation of the sensible heat ¯ux indicates that
there might be a signi®cant heat storage in the vegetation.
The implementation of an objective heat storage scheme in
the mesoscale model explains part of the observed diurnal
variation of the sensible heat ¯ux.

1. Introduction

The ability of General Circulation Models to
simulate climate and to predict climate change is
strongly dependent on an adequate representation
of processes at the soil-vegetation-atmosphere
interface. A better understanding of these key com-
ponents in the climate system at different scales
might lead to an improvement of climate change
simulations. Present scenarios stress that changes
in wintertime temperature at high latitudes may
have a large impact on climate change (Houghton
et al., 1996). The role of the northern hemisphere
boreal forest zone in the climate system and the
interaction between snow-covered ground, veg-
etation and atmosphere has been investigated in
a number of studies which have highlighted the
need for more realistic parameterizations for snow-
vegetation systems in climate models (Thomas
and Rowntree, 1992; Douville et al., 1995; Essery,
1998). Large scale model studies have addressed
the large climatic effects of increasing surface
albedo due to deforestring and increased snow
cover on the northern hemisphere (Thomas and
Rowntree, 1992; Douville and Royer, 1997).
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Stand-alone experiments performed by Douville
and Royer (1997) shows that the atmospheric
boundary-layer can be heated by the forest even
when the ground is snow covered. Harding and
Pomeroy (1996) show a strong modi®cation of the
energy balance in a boreal forest depending on
whether there is intercepted snow on the forest
canopy or not. Essery (1997) uses a boundary
layer model to simulate and compare ¯uxes
from surfaces with heterogeneous snow cover
and snow-free vegetation addressing the dif®cul-
ties of calculating effective parameters for regions
with both upward and downward heat ¯uxes
which can occur when a heterogeneous snow-
cover is present.

Current land-surface parameterization schemes
used in larger scale models have mainly been
developed and tested for conditions prevailing
during the warm part of the year since most of the
large-scale climate experiments used for valida-
tion of the schemes have been carried out during
summer seasons, e.g. HAPEX-MOBILHY (AndreÂ
et al., 1986) and FIFE (Sellers et al., 1992). Re-
cently, experiments have taken place in the
northern hemisphere boreal forests including
measurements performed during winter condi-
tions, e.g. BOREAS (Sellers et al., 1997), NOPEX
(Halldin et al., 1998) with the winter ®eld cam-
paign WINTEX (Harding et al., 1999). These
climate experiments have provided data with good
temporal and spatial coverage to test and adapt
land-surface parameterizations used in large scale
models for winter conditions.

The boreal forest covers large areas of
Scandinavia, Canada, and Russia. The boreal forest
zone is dominated by coniferous trees and the
canopies are often very sparse. One of the most
striking features of the boreal forest zone is that
the ground (but not necessarily the vegetation) is
covered with snow for a large part of the year. The
snow surface has a very high re¯ectivity for short-
wave radiation; the albedo can reach 90%, thus
reducing the net radiation. With its low heat con-
ductivity, the snow acts as a thermal insulator
between soil and vegetation. Flux measurements
with fast response instruments during WINTEX
reveal that in a sparse forest with snow-covered
ground and temperatures well below zero the
sensible heat ¯uxes can occasionally exceed
130 W/m2 (Batchvarova et al., 2001; Gryning
et al., 2001).

In the present study a mesoscale model with the
widely used land-surface parameterization pre-
sented by Deardorff (1978) is tested against in-situ
measurements performed during WINTEX in
March 1997. The model concept presented by
Deardorff (1978) has been the base for many
parameterizations of different degrees of complex-
ity such as BATS (Dickinson et al., 1986), SiB
(Sellers et al., 1986) and ISBA (Noilhan and
Planton, 1989) among others. In the Deardorff
formulation the canopy is treated as a bulk layer,
with its own temperature, separated from the
snow-covered ground. The canopy energy balance
is solved instantly, i.e. it is assumed that there is
no heat storage in the vegetation. The vegetation
cover is represented by a fraction, �f .

Based on a comparison between the in-situ
measurements and simulations, two simple modi-
®cations are implemented in the present scheme
to explore effects not satisfactorily simulated by
the original Deardorff scheme; i) A shading factor
together with a transmittancy factor to compensate
for the apparent high vegetation cover due to low
solar angles (Gryning et al., 2001); ii) A simple
heat storage expression to compensate for the
asymmetry in the simulated daytime sensible heat
¯uxes (Grimmond et al., 1991).

2. The experiment, area and the
observations

Between March 12 and April 19, 1997, an ex-
perimental campaign took place within WINTEX.
The campaign included aircraft measurements,
remote-sensing and a network of micro-meteoro-
logical ®eld stations at the southern and northern
WINTEX sites located around Uppsala, central
Sweden and SodankylaÈ, northern Finland, respec-
tively. In the present study data from SodankylaÈ
in the northern WINTEX region has been
used.

The SodankylaÈ Meteorological Observatory
(SMO) is located in a sub-arctic forest area in
northern Finland (67,29 N; 26,39 E; 179 m AMSL;
central Lapland) and operated by the Finnish
Meteorological Institute. The terrain around SMO
is moderately undulating with isolated hills
reaching up to 500 m altitude (Fig. 1). The region
surrounding SMO (100� 100 km2) is dominated
by coniferous forest (36%) with pine as the
most abundant species. Mixed/deciduous forest
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accounts for 13% of the land cover. Peatbogs that
include open peatlands, and sparsely vegetated
peatlands has a coverage of 23%. Classi®ed as
`̀ transitional woodland shrub'' including conifer
plantations and clear cuttings also accounts for
23%. Lakes and rivers cover roughly 3% of the
region.

For the WINTEX campaign a 18 m high mast
was erected in a sparse coniferous forest at SMO
with a typical tree height of 7±9 m. During the
studied period the trees were free from snow. Eddy-
correlation measurements performed with Solent
Research 3D sonic anemometers at a frequency of
10 Hz were used in this study. The measurements
were performed in and above the sparse forest at
heights 2, 6, 12 and 18 m. Details about the
experimental setup and the collected data are
given in Halldin (1999) and Gryning et al. (2001).
Moreover, during the WINTEX campaign, radio-
soundings were performed at SMO with three
hours interval. As part of the standard synoptic
observation programme, hourly observations of
cloud cover were carried out (Halldin, 1999).

Information of the vegetation cover was ob-
tained from a digitized landuse map with a reso-
lution of 1 km. The topographical information was
derived from a Digital Elevation Model with a
horizontal resolution of 1 km.

3. Model formulation

3.1 Mesoscale model

The mesoscale model used in the present study is
developed at the Meteorological Institute at
Uppsala University (MIUU) and is well docu-
mented in the literature (Enger, 1990; TjernstroÈm,
1987). Only a brief summary will be presented in
this section.

A terrain in¯uenced coordinate system is used
to introduce the topography in the model. The new
vertical coordinate, �, is de®ned as

� � s
zÿ zg

sÿ zg

�1�

where s is the height of the model top, constant in
this study, z, is the actual height Above Mean Sea
Level (AMSL) and, zg, is the terrain height.

All model equations are transformed into the
new coordinate system. The pressure terms in the
transformed equations have been decomposed into
two parts. The large scale pressure force is ex-
pressed with the geostrophic wind, and the other
two pressure terms in the equations represent the
mesoscale forcing. Given the condition that the
terrain slope is much less than 45�, the pressure
®eld is determined according to Pielke and Martin
(1981).

The turbulent exchange coef®cients in this
model are determined in terms of the turbulent
kinetic energy, obtained from a prognostic equa-
tion. The turbulence closure is based on the ap-
proach developed by Yamada and Mellor (1975),
the `Level 2.5' model (distinguishing it from
`Level 3' which also includes a prognostic equa-
tion for potential temperature variance). The
remaining turbulent moments are determined by
diagnostic expressions. Details of the parameter-
ization of higher order terms are found elsewhere
(Launder et al., 1975; Lumley, 1979; Mellor,
1973; AndreÂn, 1990). The turbulent exchange
coef®cient for momentum is given in the MIUU-
model by:

KM � A1�q3

�
�1ÿ 3c�q2 � 3A2�

2f�B2�1ÿ �2�

ÿ 3A2� ÿ 3c�4A1 � B2�1ÿ �2��g�g
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�
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Fig. 1. Map of WINTEX region where the SodankylaÈ
measuring site is indicated. Height contours in meters
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and the turbulent exchange coef®cient for heat is
given by:

KH � A2� q3 ÿ 6A1�KM
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and q2 is double the turbulent energy; � is a
coef®cient of thermal expansion; g is the accel-
eration of gravity; � is the mean potential tem-
perature; U and V are the mean wind speed in
x- and y-directions, respectively; A1;A2;B1;B2; c
and �2 are empirical constants. Details about the
turbulent length scale, �, can be found in Enger
(1990).

The advection scheme used in the model has
been corrected for numerical diffusion and is of
third order both in time and space. Zero gradient
in¯ow ± gradient out¯ow is used for the lateral
boundary conditions (TjernstroÈm et al., 1988).
The gradient at the in¯ow boundary is equal to
zero while air exiting the model is assumed to have
the same value as found one grid point upstream.
Due to the telescoping grid used in the present
model, the lateral boundaries are located far
enough from the region of interest to reduce the
in¯uence of the lateral boundary errors propagat-
ing into the area of interest. At four grid points at
the lateral boundaries a `̀ ¯ow relaxation scheme''
is applied in order to allow a temporal variation of
the geostrophic wind (e.g., Davies, 1983). The
scheme is successfully used in both atmosphere
and ocean models (Davies, 1983; Engedahl, 1995).

3.2 Land-surface parameterization

The land-surface parameterization used in the
MIUU model is the scheme presented by

Deardorff (1978) with some modi®cations that
are presented in this section. Deardorff's scheme
achieves a good balance between complexity and
input data requirement and is the base for several
land surface schemes currently employed in meso-
and large-scale models, e.g. BATS (Dickinson
et al., 1986), SiB (Sellers et al., 1986) and ISBA
(Noilhan and Planton, 1989). The performance of
the Deardorff scheme has been compared with
other land-surface parameterizations for a sparse
vineyard canopy in van den Hurk et al. (1995).

The parameterization includes a canopy layer,
which interacts both with the atmosphere and
the underlying surface, and carries a prognostic
equation for surface temperature. The parameter-
ization also include a prognostic equation for soil
moisture, but this is omitted in the present study
since the ground is frozen and covered with snow
to a depth of �90 cm. The scheme is adapted
to snow conditions by simply changing the soil
thermal properties to values representative for a
deep snow pack.

The incoming short-wave radiation in the
MIUU-model is parameterized as:

S# � �tr ÿ aq�S0 �5�
where tr is the fractional transmissivity of short-
wave irradiance at the ground that accounts for
downward Rayleigh scattering and absorption of
diffuse irradiance (Kondratyev, 1969); aq is the
absorption of direct irradiance (McCumber, 1980)
and S0 is the direct downward solar irradiance
reaching a horizontal surface of unit area at the
top of the atmosphere.

The ¯uxes of long-wave radiation are calcu-
lated using an emissivity model following Atwater
(1974), Kuhn (1963) and Kondratyev (1969). The
¯ux of downward long-wave radiation is obtained
by integrating from the top of the model down to
the top of the canopy layer.

The exchange coef®cient for heat and moisture
transfer are assumed to be equal and are cal-
culated by:

cH � u�
ua

� �2

�6�

where u� is the friction velocity taken from the
meso-scale model and ua is equal to the wind at
the third model level (�9 m AGL).

In the MIUU model each grid cell is subdivided
into a vegetated part, covering a fraction �f , and a
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non-vegetated part covering a fraction �1ÿ �f � of
the grid cell surface area. The latent and sensible
heat ¯uxes from these areas are calculated sepa-
rately and the total ¯ux to the atmosphere is ob-
tained by a weighted sum of the fractional ¯uxes
from the vegetated and non-vegetated surface
areas respectively. The total sensible heat ¯ux
from a MIUU grid cell to the atmosphere is:

Htot � �1ÿ �f �Hsg � �f �Hsgf � Hsf � �7�
where subscript sg refers to the snow surface, sgf
to the snow surface beneath the canopy and sf to
the vegetation, respectively.

The total latent heat ¯ux is:

Etot � �1ÿ �f �Esg � �f �Esgf � Ef � �8�
where the subscripts are the same as in Eq. (7)

It should be noted that the snow surface energy
balance formulation does not include a expression
for snowmelt. However, during the simulated four-
day period the observed air temperatures close to
the snow surface were always below 0 �C.

3.3 Absorption of direct solar radiation
by the forest

The sparse high-latitude forest is a very effective
absorber of short-wave radiation. Under low solar
angle conditions, a large portion of the direct solar
radiation is absorbed by the canopy which is ap-
parently covering the ground. In order to describe
the effect of low solar angles which leads to an
apparent high vegetation cover for direct solar
radiation Gryning et al. (2001) introduce a shad-
ing factor, fsh. The shading factor is generally a
function of �f and the solar angle, �. A simple
expression for fsh is derived in Gryning et al.
(2001):

fsh � �f 1� 4h

�d tg�

� �
���c �9�

where h is the height of the trees and d is the
crown diameter. The critical solar angle, �c, below
which the ground is fully shaded, i.e. fsh � 1, can
be estimated with the expression:

tg��c� � 4h

�d

�f

1ÿ �f

� �
�10�

Gryning et al. (2001) also introduce a transmit-
tancy factor, � , describing the fact that the sparse
vegetation is not opaque for solar radiation. If the

canopy is entirely transparent, � will be equal to
unity and if the canopy is opaque, � will be equal
to zero.

With the implementation of a shading factor
and a transmittancy factor the gain of short-wave
radiation for the snow cover and the vegetation
canopy will be expressed differently from that
proposed by Deardorff (1978). Gryning et al.
(2001) divide the short-wave radiation received by
the canopy into three terms. The ®rst refers to the
diffuse solar radiation which is treated as in
Deardorff (1978). The second term refers to the
direct solar radiation received by the canopy and
the third term describes the re¯ected short-wave
radiation received by the canopy from the snow
cover. The following equation is introduced:

SG
c � �f D� fsh�1ÿ ��I sin�� �f ag�1ÿ ��SG

s

�11�
in which D is the diffuse component of the
incoming short-wave radiation, I is the incoming
solar radiation at the top of the vegetation across a
plane perpendicular to the solar beam and ag is the
snow surface albedo. The short-wave radiation
received by the snow cover is expressed as:

SG
s � �1ÿ �f �D� fsh� I sin�� �1ÿ fsh�I sin�

�12�
The implementation of a shading factor and a

transmittancy factor will thus modify the parti-
tioning of direct short-wave radiation between the
snow surface and the vegetation and thus have a
different impact on the snow surface and foliage
temperatures as compared with Deardorff's
scheme. Throughout the day, the shading will
then effect the partial contributions to the total
sensible heat ¯ux to the atmosphere from the snow
surface and the vegetation as given in Eq. (7). The
maximum value of the shading factor, fsh, is unity
and its minimum value is equal to the shielding
factor, �f . The shading factor for the studied case
is equal to one for the entire day. The transmittancy
factor is generally a function of the solar angle
and extensive data are required for the empirical
determination. As a ®rst approximation a constant
value, � � 0:3, is used in the present study.

3.4 Heat storage

The model by Deardorff assumes no heat storage
in the vegetation and the energy balance of the
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vegetation is solved instantly. This concept is
valid in soil-vegetation systems where the ground
is the major storage for heat due to its large heat
capacity.

When a snow-cover with a very low heat capac-
ity is present the ground is no longer dominant
and the vegetation becomes the system's major
heat source and sink. Studies have shown that the
time constant for heating of trunks of trees can be
up to several hours (Monteith, 1981).

In the present study an objective hysteresis
model is implemented in the mesoscale model
to predict the heat storage by the vegetation
(Grimmond et al., 1991):

�Hsf � a1Q� � a2�@Q�=@t� � a3 �13�
where Q� is the net all-wave radiation ¯ux density,
a1; a2 and a3 are dimensionless coef®cients with
the values a1 � 0:11; a2 � 0:11 h and a3 �
ÿ12:3 Wmÿ2 for mixed forest (McCaughey,
1985).

4. Model setup and initialization

The numerical simulations in WINTEX were per-
formed for a horizontal domain of 120� 120 km2

centered approximately over SodankylaÈ Meteoro-
logical Observatory. In the horizontal a telescop-
ing grid is employed, the grid distance being
2.0 km in the central parts of the model and
expanding towards the lateral boundaries. The
total number of grid points on each vertical level
is 37� 37. In order to properly resolve the sharp
surface layer gradients of meteorological param-
eters, vertical grid levels are log linearly spaced,
with mean and turbulent quantities vertically
staggered. The vertical resolution at the lower
boundary is chosen to be 2 m. The vertical coordi-
nate contains 20 levels up to the model top, which
is set at 7000 m AMSL.

The simulation period extends over four days,
namely 15±18 March 1997. During this period,
cloud conditions were ranging from cloud-free to
overcast. The input data were determined from the
rawinsonde measurements at SodankylaÈ. The
forcing at the lateral boundaries was updated
every six hours. At the onset of the integration
there is no topography in the model during 6 hours
of integration. After this initialization period, the
real simulation starts at 2.00 LST with the terrain
at its assigned height. The time step is 10 s. The

cloud cover for the simulated period was pre-
scribed according to the observations performed at
the SMO.

To illustrate the impact of the implemented
shading factor and heat storage scheme on the
model results, three test runs have been carried
out:

1. A control run with the original land-surface
parameterization (section 3.2)

2. A simulation where a shading factor is
implemented in the land-surface parameteriza-
tion (see details in section 3.3)

3. A simulation including both a shading factor
and an objective model for heat storage in the
vegetation (details are given in sections 3.3 and
3.4 respectively).

5. Results and discussion

Before proceeding to the presentation of the
results for the surface ¯uxes it is important to
assess the accuracy of the calculated solar
radiation. For this purpose, a comparison was
made between model predictions and existing
observations of the global radiation. The compari-
son results revealed a very good agreement as the
correlation between predicted and observed values
was 0.98 the bias was ÿ3.8 Wmÿ2 and the root
mean square of error was 26.4 Wmÿ2.

The simulation results for the four-day period
are presented in comparison to existing observa-
tions in Figs. 2±4. The diurnal cycles of the
sensible and latent heat ¯uxes and the friction
velocity are depicted in Fig. 2. During the entire
period, the latent heat ¯ux exhibits a very small
variation, being close to zero during nighttime and
reaching a maximum of 20±30 Wmÿ2 at afternoon
hours (Fig. 2a). During the last two days (17±18
March) the observations indicate a sharp maxi-
mum of �50 Wmÿ2 in morning hours. The
relatively small values of latent heat ¯uxes are
attributed to the low temperatures and the associ-
ated high stomatal resistance (Table 1). The simula-
tion results of the three model runs are almost
identical, being in close agreement with the
observations, except for the morning maximum
which is not reproduced by the model.

In contrast to the latent heat ¯uxes, the sensible
heat ¯uxes show a remarkable diurnal variation
(Fig. 2b). At night, the sensible heat ¯uxes at the
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SodankylaÈ site have small-to-moderate negative
values. Approximately two hours after sunrise, the
sensible heat ¯ux becomes positive and, subse-
quently, steadily increases reaching approximately
�100 Wmÿ2 at midday. Most of the days the

sensible heat ¯ux shows a `̀ tail'' of relatively high
values into the late afternoon, a feature which is
typical of the diurnal cycle of the surface heat ¯ux
over urban areas (Oke, 1987). This feature is more
pronounced during the 15th of March which was a
clear day. During the same day, the sensible heat
¯ux exhibits a sharp maximum at �15.00 LST.
The original energy balance scheme implemented
in the MIUU model is unable to reproduce the
magnitude of the observed sensible ¯uxes,
especially at midday. The underestimation of the
observed maximum is 30±40 Wmÿ2. The imple-
mentation of the shading factor in the surface
energy balance improves the agreement of the
simulation results with the observations (Fig. 2b).
The maximum ¯uxes are still underestimated but
only by �10 Wmÿ2. The inclusion of the ob-
jective heat storage scheme explains parts of the
diurnal variation of the sensible heat ¯uxes, but
there are still some discrepancies. This addresses
the need to evaluate the coef®cients a1 to a3 used
in Eq. (13) for a sparse sub-arctic forest.

The observed friction velocities show large
variations both during the diurnal cycle as well as
at much shorter time scales. The simulated ¯uc-
tuations are less pronounced than the observed
ones and it seems that the model produces smooth-
er variations. An interesting feature is the
secondary maximum of the friction velocity
observed during the night between the 15th and
the 16th March, which might have been caused by
katabatic ¯ow developing during nighttime. As
expected, the control run underestimates the
observed friction velocities.

The near surface temperature exhibits a remark-
able diurnal variation (Fig. 3), the daily range
being �20 �C. As expected, the results of the

Fig. 2. The variation of latent heat ¯ux (a), sensible heat
¯ux (b) and friction velocity (c) at SodankylaÈ site during the
period 15±18 March 1997. Circles: Observations at 12 m
AGL (latent heat ¯ux at 18 m AGL); Dashed line: Control
simulation; Dotted line: Simulation results with the MIUU
model implementing a shading factor; Full line: Simulation
results with the MIUU model implementing a shading
factor and heat storage in vegetation

Table 1. Parameters in the land surface scheme

ag Albedo for snow 0.8
af Albedo for coniferous forest 0.1
"s Emissivity for snow surface 0.95
"f Emissivity for coniferous forest 0.95
z0s Roughness length for snow 0.001 m
z0f Roughness length for coniferous 1.5 m

forest
�f Shielding factor for less dense 0.5

coniferous forest
rsmin Minimum stomatal resistance 2000 s/m
htr Height of the trees 8 m
rtr Crown radius of the trees 2.5 m
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control run underestimate the maximum tempera-
ture values observed during afternoon hours. The
implementation of the shading factor improves the
agreement between model simulations and obser-
vations but the observed maximum temperatures
are still underestimated by a few �C. Finally, the
impact of the heat storage is signi®cant and it
improves the ability of the model to reproduce the
observed diurnal variation of temperatures. This is
a step in the right direction but the observations
indicate a stronger effect.

Besides the surface temperature, the surface
¯uxes strongly depend on the temperature differ-
ence between the surface and the atmospheric
reference level. An error in the simulated tem-
perature at the atmospheric reference level will
effect on the error in the surface temperature. A
comparison of the differences in observed tem-
perature between 2 and 18 m and the differences
in simulated temperature between the surface and
the third model level at (9 m AGL) is shown in
Fig. 4. There is a fairly good agreement between
the observed and simulated differences. However,
the mesoscale model underestimates the tempera-
ture difference at midday, which have an impact
on the calculated surface ¯uxes.

Figure 5 shows the diurnal variation of the
surface wind speed and direction. It is seen that in
addition to the diurnal cycle, there is a trend dur-
ing the simulated period. The winds are slightly

increasing, turning from NW to N-NNE. The
results from model run 3 show a fairly good
agreement with observations, while the control
run seriously underestimates the observed wind
speeds at daytime. This indicates the profound
in¯uence of stability on the near surface winds.

In order to further investigate the boundary
layer dynamics in the area some plots are pre-
sented for the ®rst day of the simulation period,
namely the 15th March 1997. The simulated near
surface (�9 m AGL) wind ®elds are shown in Fig.
6a-b at the two hours, 5.00 and 15.00 LST, when
the conditions are considered to be representa-
tive of nighttime and daytime conditions. Only
the simulation results from the model version in-
cluding a shading factor and a heat storage scheme
(test run 3) are shown here. Thermo-topograhic
effects dominate nighttime patterns of the low-
level winds. The model results show that due to
the prevailing stability the near surface winds are
rather weak and variable (Fig. 6a). The most no-
table feature of the ¯ow ®eld is the development
of katabatic winds, which are shown to prevail
over the slopes of the hills. This is rather sur-
prising as the topography in the area is rather
gentle. The downslope ¯ow can occasionally
exceed 4 msÿ1. However, this is a very shallow
system as the wind ®eld at �72 m AGL (not
shown here) does not show the same in¯uence.
The daytime near-surface wind pattern is

Fig. 3. The variation of temperature at SodankylaÈ site
during the period 15±18 March 1997. Triangles: SYNOP
measurements; Dashed line: Control simulation; Dotted
line: Simulation results with the MIUU model implement-
ing a shading factor; Full line: Simulation results with the
MIUU model implementing a shading factor and heat
storage in vegetation

Fig. 4. Comparison between observed and simulated tem-
perature differences at SodankylaÈ site during the period 15±
18 March 1997. Circles: The difference between observed
temperature at 2 and 18 m (Tobs2m ÿ Tobs18m). Full line:
Simulated difference between the surface and the 3rd model
level (Tmodsurf ÿ Tmod9m)
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dominated by northwesterly ¯ow of weak-to-mod-
erate intensity (Fig. 6b). The wind ®eld is rather
homogenous with only a few signi®cant features.
This is attributed to the gentle topography of the
area, which during daytime has only a minor
impact on the ¯ow.

The development of the daytime boundary layer
is shown in Fig. 7a-c which depict the diurnal
variation of the potential temperature pro®les for
the three model runs during the 15th March. All
three runs indicate the existence of an unstable
layer which starts developing during morning
hours. However, there are distinct differences in
both the time when the burning off of the
nocturnal inversion starts and the depth of the

unstable layer. As expected, the control run, which
seriously underestimates the surface turbulent
¯uxes, predicts a very shallow unstable layer
which starts developing approximately one hour
later (Fig. 7a). On the other hand, the differences
between test runs 2 and 3 are very small, being
restricted to evening and night hours, when the
model version including a heat storage scheme

Fig. 5. Diurnal variation of the near surface wind speed (a)
and direction (b). Circles: Observations with the sonic
anemometer at 12 m AGL; Dashed line: Control simulation;
Dotted line: Simulation results with the MIUU model
implementing a shading factor; Full line: Simulation results
with the MIUU model implementing a shading factor and a
scheme for heat storage in vegetation

Fig. 6. Simulated near surface wind ®eld at the 15th March
1997 at (a) 5.00 LST and (b) 15.00 LST. Dashed lines are
terrain heights
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predicts higher temperatures and a slower evolu-
tion of the nocturnal inversion. The maximum
height of the unstable layer is �600 m and is
predicted to occur at �16.30 LST.

6. Summary and conclusions

The three-dimensional, higher order turbulence
closure model, MIUU, was used to simulate the
surface turbulent ¯uxes, the winds and the bound-
ary layer structure over a sparse forest during
wintertime conditions. Numerical simulation re-
sults were compared with existing observations
from the WINTEX campaign, which was carried
out in March 1997. A four days period with a
remarkable diurnal range of temperature was
chosen for simulation, March 15±18, 1997.

The existing surface energy balance scheme,
based on Deardorff (1978), was found to under-
estimate the high values of sensible heat ¯ux
observed at midday and afternoon hours. Conse-
quently, all other boundary layer parameters that
are related to the prevailing stability conditions
(temperature, wind speed, friction velocity, and to
less extend wind direction) are affected accord-
ingly. In order to remove this discrepancy, two
simple modi®cations are implemented in the model
i) A shading factor together with a transmittancy
factor to compensate for the apparent high veg-
etation cover due to low solar angles (Gryning et al.,
2001); ii) A simple expression for heat storage in
the canopy to compensate for the asymmetry in
the simulated daytime sensible heat ¯uxes and
temperatures (Grimmond et al., 1991). It is found
that the inclusion of the shading factor and the
transmittancy factor in the surface energy balance
scheme produces sensible heat ¯uxes during day-
time which are in good agreement with the ob-
served ones. The impact of the expression for the
heat storage in vegetation in the results is smaller
and it indicates the need to evaluate the coef®-
cients used for a sparse high latitude forest.
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