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Introduction

Participants in BALTEX working groups on Process Studies and Numerical Experimentation
have realized the lack of communication between experimentalists and modelers with regard
to the parameterization of surface fluxes as well as the parameterization of turbulence in the
atmospheric planetary boundary layer and in the ocean mixed layer. With the urgent needs to
improve atmospheric, ocean and hydrological models to prepare for the BALTEX main
experiment (BRIDGE), a Workshop on surface fluxes was arranged in Abisko, Sweden 20 —
21 June 1999. The workshop included presentations by invited speakers during the first day
and group discussions during the second day. All presentations are included in this volume as
well as summaries of the group discussions.

The main general recommendations for the future are

e For improved physical parameterization in atmospheric, ocean and hydrological models
we need measurements representative of the model scales. Thus area means of observed
fluxes and long continuos measurements are important for model verifications.

e Climate mode simulations are important for detection of accumulative errors in the
parameterizations.

e Further workshops with participation of scientists from the other GEWEX continental
scale experiments should follow to learn from their experiences.

In summary this means that both field campaigns and model experiments should be set up in
agreement between experimentalists and modelers.

It was a general impression among the participants that the workshop was a very successful
one and that such a forum for experimentalists and modelers to meet is highly needed. We
would therefor like to thank all participants for their contributions.

On behalf of the BALTEX Working Groups for Process studies and Numerical
Experimentation

Eberhard Ruprecht and Nils Gustafsson



Reports and recommendations from working group discussions.

wG 1 Working Group on Marine Processes

Participants: Ann-Sofi Smedman, Chairwoman
Renate Hagedorn, Rapporteur
Andreas Lehmann
Martin Schmidt
Ute Karstens
Anna Rutgersson
Felix Hamelbeck
Eberhard Ruprecht
Xiaohua Yang
Markus Meier

The marine group discussed the five topics given by the chairmen of the BALTEX working
groups on numerical experimentation and process studies, respectively.

1. Comparison of model and field data

The participants are aware of various difficulties related to this topic (see presentations during
the workshop). Main problems seem to be that comparisons are often performed without
consideration of the following problems:

- the variability of the two data sets has to be comparable
- representativeness of the measurements
- existence of different scales (spatial, temporal) in both data sets

Recommendation: Point measurements should be temporally averaged over the time period,
which represents the spatial average over the grid box of the model data. Under this assumption
of ergodicity, comparable variability of the observed data and model data can be achieved.

2. Tests of new parameterizations

The participants discussed advantages and disadvantages of the different methods to test new
parameterizations and concluded that a clear effect of a new parameterization is often not
discernible because other effects overlap.

Recommendation: A mixed strategy is suggested with process oriented tests as first step,
followed by longer simulations to address interactions with other effects. These longer runs
should first be performed in climate mode, to avoid that the effects of the new
parameterizations are superimposed by initialization or assimilation effects. After that, the
new parameterizations should be used in forecast mode and/or runs with data assimilation.



3. What have we learned from BALTEX field experiments so far?

Meteorologists:

- Most models overestimate fluxes at sea surface in comparison to observations

- Precipitation seems to be too high in models

- Vertical distribution of humidity seems to be not correct represented in models

- COADS is a good data set for model validation, but only for longer time scales

- Measurements on short time scales are needed. For precipitation radar measurements
could fill this gap, although there are still problems with the application of this data.

- The PIDCAP period is too short to cover the whole range of different situations.

Oceanographers:

The results of the oceanographic field experiment DIAMIX, which was concentrated on
measurements of vertical mixing and advection in the Gotland basin, are not yet included in the
general model activities.

Recommendation: More oceanographic fieldwork is required, and the Main BALTEX
Experiment (BRIDGE) is urgently needed to investigate the full range of synoptic systems and
accompanying processes.

4. Improvements for simulations of the BRIDGE period? (data assimilation)

The participants agreed that in special situations SSTs and sea ice distribution can have a non
negligible influence on the development of atmospheric fields.

Recommendation: Special effort should be made to use the best possible SST fields (what is
not always done up to now). To get consistent simulations of the BRIDGE period the runs
should be performed without changes in the model during the simulation.

5. Objects for future studies

Future studies should try to fill the gap between the scales of models and observations.

Recommendation: Implementation of a mesoscale, higher resolution model (e.g. GESIMA),
2-way nesting of GESIMA and a lower resolution model in regions with existing
measurements (e.g. Ostergarnsholm). The representation of turbulent mixing in the ocean
should be improved, e.g. by implementation of a mixed layer model based on the k-epsilon
closure.

Another discussion point was the question whether the coupling to a wave model is necessary
to improve fluxes at sea surface. It seems to be that the information from a wave model could
be very useful for the correct calculation of fluxes via bulk formulae. The coupling effects of
a wave model are seen in the ocean, whereas the response of the atmospheric model seems to
be only at a lower level. It is recommended to review the existing literature about the effects
of a 1\.Jvave model, and to perform experiments, to test the cost/effectiveness relation of a
coupling.



WG 2 Working Group on Land Surface Processes

Participants: Bart van den Hurk, Chairman
Frank Beyrich, Rapporteur
Sten Bergstrom
Stefan Gollvik
Phil Graham
Sven-Erik Gryning
Michael Hantel
Piotr Kowalczak
Burkhardt Rockel
Michael Tjemnstrém
Wermer Wergen
Niels Woetman-Nielsen

1. Field experiments
Field experiments in BRIDGE are separated into two different types of campaigns:

a) Intensive Observation Periods (IOPs) in a certain region using special measurement
systems (aircraft, tethered balloons, frequent radiosoundings, special turbulence
measurements) and devoted to process studies (like NOPEX-CFE 94 / 95, WINTEX-
97, LITFASS-98)

b) Monitoring activities realizing a comprehensive long-term measurement programme of
land surface and atmospheric parameters exceeding that of standard networks from the
national weather and hydrological services / agencies (NOPEX Central facilities at
Norunda / Marsta, LITFASS project).

While IOPs aim to yield a better understanding of special processes at the land-air interface and
thus contribute to improve the physical parameterization in numerical models, the long-term
monitoring activities are of special relevance with regard to the evaluation of model performance
on a seasonal timescale. In particular, modelers need comprehensive long-term datasets of land-,
vegetation- and atmospheric parameters from different parts of the BALTEX area, since model
validation must be performed for a broad spectrum of weather situations in different climate
regions covering even a variety of extreme events.

2. Land use data and tiling

In order to account for the heterogeneity of the land surface, an increasing number of models
uses different surface types within one grid cell, and solves the energy budget equation
separately for each of these types (tiling approach). The characteristic values of land surface
parameters and fluxes for each grid cell are then obtained from a fractional weighting of the
relevant landuse classes. At primary level, landuse types in the BALTEX area should be
distinguished between forest, open agricultural land, water, snow / ice, and wetlands. Landuse
data for the BALTEX region are available through the CORINE database with sufficiently
high resolution and containing more details than we have the means of evaluating its impact.
To distinguish between different types of vegetation or crops within the agricultural area (e.g.,



grass, rye, barley, maize, rape, sunflowers, potatoes etc.) is of secondary importance, at least
for climatological studies. It might be of some relevance for short range weather prediction.
However, representative sensitivity studies on this question are lacking.

3. Area averaging of surface fluxes

Basic model output to characterize surface-atmosphere interaction are area-averaged values of
the fluxes of momentum, energy, and water. To verify the results of the “tile method”,
measurements of the energy budget components over different surface types are needed.
Ideally these measurements should be done with micrometeorological / flux stations over
typical surfaces within one model grid cell. In addition to the energy budget components,
measurements of soil moisture (and merely its dynamics) are essential for model validation
purposes since soil moistrure effectively controls the exchange of energy and water between
the land surface and the atmosphere. BRIDGE should concentrate on the realization of such
measurements in a few different climate regions of the BALTEX area rather than setting up a
large number of measurements distributed through the whole study area. NOPEX is such a
succesfully realized measurement programme in the 90ies, continuation of these
measurements during BRIDGE is highly desirable. The strategy of the LITFASS project
currently set into operation by DWD at Lindenberg perfectly meets these requirements.

4. Aircraft measurements

Aircraft measurements are the only means available at present to directly measure area-
averaged values of the turbulent fluxes. Airborne flux measurements should therefore be
planned during the IOPs of BRIDGE in those regions where extensive flux measurements are
performed at the ground. Access to research aircraft might be possible on a European level
through the EU funding of access to large research facilities (TMR programme, STAAARTE
project or its successor). Coordinated activities between the different field sites in the
BALTEX area are recommended.

5. Closure of the surface energy budget

A presently unsolved problem in most experimental programmes is the non-closure of the
surface energy budget. The disbalance seems to depend, inter alia, on the heterogeneity of the
land surface. On the other side, models always close the energy budget. Comparison between
model results and measurements is thus faced with an additional problem. Therefore, it is
recommended not only to compare absolute values of the fluxes but also relative values or
flux ratios, like the Bowen ratio. Flux profile measurements at towers up to 100-200 m might
contribute to understand the flux averaging over a heterogeneous surface since the footprint
area becomes less uniform with increasing height.

6. Snow and ice

Large parts of the BALTEX area are covered with snow and ice over considerable times of
the year. To characterize the properties of the snow, quite a number of parameters needs to be
considered in the models and should be determined experimentally (snow cover, snow depth,
snow density / snow water equivalent, albedo of snow). Datasets on these parameters from the
BALTEX region are still rare. Valuable data sources on snow characteristics have been
produced in North America during BOREAS and should be made available for BALTEX.
Finnland runs an extensive monitoring programme on snow regularly in winter, this should be



used for BALTEX as well. NOPEX plans to perform special field activities on winter
conditions during the winter 2000 / 2001 in order to obtain a high-quality dataset.

7. Orography

Orography plays an important role in the interaction between the atmosphere and the surface.
Mountain drag and gravity wave drag are phenomena which influence the momentum budget
and which have not yet been fully understood. However, experimental investigation of these
phenomena would require a specially designed field experiment. This seems to be outside the
scope of BRIDGE.

8. Field data and modelling

A barrier still seems to exist between experimentalists and modellers concerning the
availability of field data for use in numerical modelling. Some typical problems preventing
the fast and comprehensive use of experimental data by the modelling community are

e lack or poor quality of the meta-data necessary to characterize the measurements

e time delay between experiments and the free data access for non-participants

e considerable differences in data quality, data formats etc. between different providers
of the same type of data.

Experimentalists have realized these deficits and take steps in order to improve the situation
towards a better exploitation of existing (and new) datasets for BRIDGE and the BALTEX
modelling community, e.g.,

e data from the NOPEX CFE-1/CFE-2 will be published on a CD-ROM along with a
special issue of Agricultural & Forest Meteorol. by the end of 1999

e organizations running field monitoring programmes of surface-atmosphere exchange
(MIUU, DWD, KNMI, FMI, Risg) have prepared an EU application within the actual
call of the 5™ Framework Programme aiming at the harmonization of measurement
programmes, data formats, data descriptions, data quality etc. across the BALTEX
community during BRIDGE.

It would be valuable to have land surface data availabale for near real-time flux validation, i.e.,
with a time delay of only a couple of days.

9. Communication

Meetings like the Abisko workshop are extremely useful in order to improve communication
between the experimental and modelling communities. BALTEX should try to provide a
frame for continuation of this discussion. Taking the central question of the workshop, this
could be easily turned around providing stimulus for new discussions under the topic: “What
can experimentalists learn from numerical modelling of air-surface interaction processes 7”. It
should be also considered that BALTEX is just one of the continental scale experiments
within GEWEX. Communication needs be set up (improved) with representatives from the
other experiments of WCRP - GEWEX in the future.



WG 3 Working Group on Snow and Ice

Participants: Jouko Launiainen, Chairman
Hannu Savijérvi, Rapporteur
Toni Amnell,
Carl Fortelius
Nils Gustafsson
Ulf Andrae

1. Problem areas

The group first discussed about the processes to be studied in the snow/ice-surfaced
boundary layer typical in the boreal winter of Scandinavia over forest-field-lake patches or
over frozen sea, especially in cases of drift ice and broken ice fields with cracks and leads.

In determination and modelling of radiation processes, problem areas were defined as:

1) Multireflexions of short-wave radiation at low solar angles over ice and snow surfaces,
2) Effects of snow between and within trees,

3) Penetration and absorption of solar radiation in snow/ice,

4) Melting and water pool formation (albedo) in snowl/ice,

5) Long-wave flux profiles very near above the snowy and cold ground.

In turbulence and surface interactions, problem areas were listed as:

1) Determination of detailed roughness lengths over snow and ice (packs, ridging,
drifting),

2) Temperatures and heat fluxes within snow and ice,

3) Heat fluxes from below (from soil or ocean),

4) Subgrid scale patchiness and parametrization in large-scale models.

Further research and parameterization is encouraged in these key areas.

The group noted that snow state (ageing) is important and recommended for BRIDGE it be
included and updated in NWP and climate models, e.g. by introducing snow density as a
model variable, or via expressing it as a snow-type classes.

2. Comparisons of model results against observations

The group discussed about the comparison of model results against observations. In process
validation, it was felt that if flux data e. g. from observation masts are available, column model
(1-D) comparisons of fluxes directly would be relevant. For climate and NWP models, long
time series would be good as these cover various weather types, and reveal systematic errors.
For horizontal small-scale variability associated with the patchiness, aircraft observations are -
considered useful (as in WINTEX and BASIS). Also, radar winds were suggested as a one
new possibility.



The group recommended that the extra BRIDGE stations should be available as long as
possible, and extra field campaigns with aircraft would be very useful. Also, BRIDGE data
assimilation increments and their statistics should be utilized to discover possible systematic
errors in the model processes (wether they are of dynamical or physical, or both).

3. What we have learned

The group discussed what has been learned from the field experiments (apart from measuring
techniques etc. in cold conditions) so far. It was agreed that aircraft measurements over
patchy areas (forests/ice cracks; WINTEX/BASIS) had revealed strong horizontal differences
in the sensible and latent heat fluxes, but not so much in the radiative fluxes. The vertical and
temporal structure of H and LE in a wintertime boreal forest was quite variable according to
mast measurements, and presumably dependent on the forest structure. Coupled high-
resolution atmosphere-ground/ice column models seem to work well over ice, and they are
expected to work properly over boreal forest as well.

The group recognized that the question of strong horizontal inhomogeneity needs extra work
and further field campaigns would be needed. Radiation measurements would be needed, too.

3. BRIDGE data assimilation

The group discussed BRIDGE data assimilation schemes, and recommended a concept of
snow ageing should be included in the assimilating models. Real-time satellite observation
derived albedos(of clear weather) could be utilized as well. For a long-time goal, fully
interactively coupled 3-D high-resolution atmosphere-ice-ocean limited area models were
considered necessary.

4. Workshops

Workshops (as the current one) were considered as a very useful link between modelers and
experimentalists. They were strongly recommended and perhaps having those every second
year. Specialists might be invited from other international measurement campaigns (e.g. from
the U.S. and Canada). Finally, the group encouraged to proceed and carry out the BRIDGE
field campaigns, in frames of the resources allow, even in a case if the planned new projects
(WINCON) would not get the funding applied from the EC.
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What have we learnt from the field experiments?

Ann-Sofi Smedman and Ulf Hogstrom,
Department of Earth Sciences, Meteorology, University of Uppsala

1 Introduction

The vertical luxes of momentum, sensible heat and
water vapor at the surface of the Earth are param-
eterized in numerical atmospheric models through
relations that include estimates of wind speed, tem-
perature and water vapor at some low height (of
order 10 m) and corresponding estimates of these
variables at the ground surface. This form of
parameterization is, in principle, a two-layer ap-
proach, which includes: (i) processes taking place
at or very close to the surface and (ii) bulk at-
mospheric transfer up to the lowest point of the
atmospheric model. The surface processes depend
very strongly on the character of the surface. Qver
land, surface friction is largely determined by the
bluff body effect, which is parameterized in terms
of a roughness length zj, and a zero plane displace-
ment d; sensible heat flux, on the other hand, is ac-
complished by molecular conduction at the surface,
which results in an effective ’roughness length for
temperature’ 2z which may be very different from
zp; evaporation is strongly controlled by stomatal
aperture. Quver the sea, a very complicated inter-
action takes place between near-surface fluctuating
wind field and surface waves. This results in rough-
ness length variation with wind speed and possibly
with other factors related to the state of the sea.

The bulk transfer between the ground surface and
the atmosphere is accomplished by turbulent fluc-
tuations. The effectiveness of this process depends
very strongly on the stability of the surface layer.
This effect is currently parameterized with the aid
of mathematical expressions obtained from Monin
- Obukhov similarity theory (MO-theory).

This note will concentrate on bulk transfer rela-
tions. But for the case of oceanic conditions, effects
of the sea state will also be discussed. In Sec. 2
basic mathematical relations are given. Sec. 3 is
an overview of state-of-the-art mean formulations
for the various expressions. In Sec. 4 recent re-
sults from experiments in the Nordic area will be
discussed. They include results from the following
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field studies:

e NOPEX, Marsta (land)
e PEP in BALTEX, Ostergarnsholm (sea)

e Nasskar and Utlangan (sea).

2 Basic mathematical relations

MO-theory has been the basic tool for expressing
mathematical relations between turbulent fluxes
and mean gradients in the atmospheric surface
layer for about 50 years. The theory essentially
predicts that statistical quantities in the surface
layer are properly normalized by the velocity scale
uy = y/(—u'w')q, where (—u'w')y is the kinematic
momentum flux at the surface, the temperature
scale T, = —Qq/u+, where Qg is the temperature
flux at the surface and the height above the ground
z, and that the quantities normalized with these pa-
rameters are unique functions of the dimensionless
height z/L, where

_ u3Ty
kgQo

is the Monin - Obukhov length. In this form the
theory is strictly valid for dry air (k = von Kar-
man constant = 0.4 and g = acceleration of grav-
ity). For muoist air, the flux of virtual temperature
replaces the ’ordinary’ temperature flux. For the
wind gradient g—g, we then have:

(1)

k20U _ 4m(z/L)

Uy Oz

(2)
and for the potential temperature gradient %j—:

kz 5©

T* 62 (3)

= ¢n(z/L)

Integrating Eq. (2) from 2z = 2 to the lower model
level z (order 10 m):



e = [k/(Inz/z0 — )] - U (4)

where ¥, is the integral of the function ¢, (z/L).
The corresponding expression for T, = —Qq/uy is:
(5)

where U is the integral of the function ¢,(z/L).

For air-sea interaction parameterizations, it is cus-
tomary to introduce bulk coefficients:

T.=[k/(Inz/zr — ¥g)]- (T — Tp)

Cp = (u,/U)? = [k/(Ilnz/20 — ¥m)]*  (6)

W& /U - (T —Tp) =
[k/(lnz/20 = Tm)} - [k/(Inz/2p — ¥ ) }(7)

CH

where Tj is the temperature of the ocean surface.

Equivalently for the flux of water vapor, w'q’:

Cg =w'q/U-(g—q) =

[k/(Inz/z0 — ¥m)] - [k/(Inz/20 — ¥q)] (8)

where gp is the water vapor pressure at the sur-
face of the ocean, which is assumed to equal the
saturation vapor pressure at temperature Ty, zqq
is the roughness length for water vapor and ¥, is
the integral of the ¢-function of vapor pressure ¢,
(formally similar relation as Eq. 3).

From Eq. (4) - (8) it is clear that the vertical fluxes
of momentum, sensible heat and water vapor can
be obtained when U, O and q are given at a height z
(of order 10 m) and at the surface, provided that,
in addition, the following parameters are known:
zo, zr and 294 and that the functions ¢,(z/L),
¢n(z/L) and ¢4(2/L) are specified functions of z/L.
Note, that specifying Cp is equivalent to specifying
zg, specifying C'g is equivalent to specifying 27 and
specifying Cg is equivalent to specifying zq4.

3 State-of-the-art
and bulk functions

¢-functions

A. Conditions over land

Hogstrom (1996) reviewed the available literature
for the ¢-functions and recommended the following
expressions:
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bm =(1—-19z/L)"/4 -2<2/L <0 (9a)
=1+532/L,0<2z/L <05  (9b)

For z/L > 0.5, ¢, levels out and becomes constant
but with great scatter in the data.

én=¢g =0.95(1—11.62/L)"1/2,

-2<2/L<0 (10a)
= 0.95 +8.0z/L,
0<2z/L<0.5 (10b)

Also ¢y, levels out and becomes constant (with
great scatter) for z/L > 0.5.

As traditionally done since the advent of MO-
theory around 1950, it was taken for granted by
Hogstrom (1996) that ¢, ¢y and ¢4 are functions
of z/L only and that the scatter found in all exper-
imental data is due solely to sampling inadequacy,
instrumental errors and terrain inhomogeneity. As
discussed in Sec. 4, it has now been shown that,
for unstable conditions, ¢,, has an additional de-
pendence on the height of the convective boundary
layer z;, or more precisely on 2;/L.

B. Conditions over the sea

a. ¢-functions

By analyzing data from oceanic expeditions, it has
recently been demonstrated by Edson and Fairall
(1998) that the ¢-functions found over land are
valid over the ocean as well. This is true at least in
an average sense, but scatter in the data is much
larger than in corresponding data sets over land,
and it is very*likely that this scatter conceals sev-
eral important effects which are due to the state of
the surface waves, see Sect.4.

b. Bulk functions

The situation concerning bulk functions is still con-
troversial and the subject of intensive measurement
programs. This is particularly the case for Cp. For
open ocean conditions the following expression ap-
pears to be acceptable for mean conditions (Yelland
and Taylor, 1996):

Cpn = [0.6+0.070 - Uye] - 1073,

6 < U < 26ms™! (11a)

Note that Cpy is bulk coefficient for neutral con-
ditions, so that we obtain with Eq. (6):



Cp = CDN(lnz/zo)z/[ln z[/zg — ‘Ifm)]z (12)

Eq. (11a) is supported by results from several re-
cent oceanic expeditions. The corresponding rela-
tion for winds below 6 ms™! is less clear. There
seems, however, to be consensus that Cpy in-
creases with decreasing wind speed below 6 ms~1,
although different studies give widely different vari-
ation with Ujg. The expression given by Yelland
and Taylor (1996) is:

Cpn = [0.29+3.1/Uyo + 7.7/U%] - 1073,
3<Uip<6ms?! (11b)
For Cpy it is equally valid what is said in Sec 3a:
Scatter in the data is very large, and it is very likely
that this scatter conceals several important effects
which are due to the state of the surface waves, see
Sect. 4.
Concerning bulk functions for sensible heat and wa-
ter vapor, there seems to be consensus that the cor-
responding 'neutral’ coefficients are virtually con-
stant over a wide wind speed range. Thus e.g.
DeCosomo et al. (1996) found as a result of the
HEXOS experiment in the North Sea:

Cun ~Cpny = 1.1-107%, (13)

They found this relation valid for Cpn up to at
least 18 ms™! and up to at least 23 ms~1 for Cun.
To obtain Cy and Cg, Eq. (13) must be multi-
plied by expressions obtained from Eq. (7) and (8)
respectively, i.e.

Cr =Cgn(n z/zT)z/[ln z/zp — lIIH)]2 (14)

and similarly for Cgy.

4 Some new results

A. ¢-functions

Khanna and Brasseur (1997) employed large-eddy-
simulation technique (LES) to study the influence
of boundary-layer size eddies on surface-layer char-
acteristics during convective conditions. Their re-
sults were tested against field data by Johansson
et al. (1999) with the aid of a combination of tur-
bulence data from 10 m, profile data of wind and
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temperature and aircraft data and radiosoundings
from CFE1 and CFE2 (CFE = Concentrated Field
Effort) of the NOPEX project, which were carried
out during the summers of 1994 and 1995 in the
NOPEX area (the mast measurements were made
at the agricultural site Marsta). Figure 1 shows
®m as a function of z/L. The various symbols rep-
resent groups of data with different values of z;/L
(zi = the height of the convective boundary layer),
see Figure legend. The thin full line is Hégstrom’s
expression (9a). The thick full line, the dashed
line and the dotted line are results from the LES
of Khanna and Brasseur. Their results represent
a much more limited range of z;/L than the mea-
surements (see Figure legend). Considering this,
it is clear that there is indeed an ordering of the
data with z;/L. The effect is quite large, but as
the scatter is also large, it is useless at this stage to
formulate any explicit mathematical expressions.

Corresponding analysis of ¢, in Johansson et al.
(1999) demonstrates a similar effect from z;/L, but
the effect is much less, and consequently the devi-
ations from Hogstrom’s Eq. (10a) are much less.

B. Validity of ¢-functions over the sea
a. Effect of low level jets

Figure 2a and 2b show ¢,, and ¢, over the sea
during stable stratification for cases without a low-
level jet present near the surface. The dashed lines
are Hogstroms expressions (9b) and (10b) respec-
tively. The agreement between model and mea-
surements is very good. Figure 2c shows the cor-
responding plot for ¢,, from the same experiment
(at Nésskir, Bergstrom and Smedman 1995) dur-
ing stable situations with a low level jet present
(at or below 100 m). The ¢-values are seen to be
much larger than predicted by Eq. (9b). The rea-
sons for this ’anomaly’ are discussed in Bergstrom
and Smedman (1995).

b. Effects of sea state

Donelan (1990) discusses in detail the effect of wave
development or ’wave age’ on the exchange pro-
cesses at the surface of the ocean. His results
have been partly corroborated by recent experi-
ments, but in some experiments the authors fail
to see effects. Here we will illustrate with some
recent results from our ongoing measurements at
éstergarnsholm.

Figure 3 shows the mean wind gradient at 10 m
plotted as a function of wind speed during the pe-
riod 14 - 19 September, 1995. The figure has differ-
ent symbols for different days (see Figure legend)



and it is possible to follow the development with
time of the wind gradient. Thus, wind speed first
increases during 14 to 16 September to a maximum
of about 16 ms~! and then decreases to values be-
tween 2 and 6 ms™! during 18 and 19 September.
Two features are notable: (i) The curve shows an
hysteresis effect: e.g. a mean wind speed of 8 ms™!
during 14 September gave OU/0z = 0.05s71, but
the same wind speed during 17 September gave
OU/8z ~ 0.02s7! only. (ii) During the last two
days, the wind gradient was negative. Note, that
stratification was very close to neutral during the
entire period studied, so stability effects can be
ruled out as cause for the observed features.

It is thus clear that Eq. (6) with Eq. (11) is not
valid during this entire period. The general ex-
planation for this must be that the exchange pro-
cess is governed by still another factor, the sea
state. It can be quantified in terms of the ’wave
age’, co/Uio, where cq is the speed of the dominant
waves. During the last two days of the measuring
period ¢o/Uyo was found to be > 1.2, which char-
acterizes swell.

~
~

This swell situation has been extensively studied in
Smedman et al. (1999). One result is seen immedi-
ately from Figure 3: the negative wind gradient at
10 m. This is interpreted as a 'wave-driven wind’,
which is due to momentum being transported up-
wards by the swell. That this is not an exceptional
state is seen from Figure 4, which shows the distri-
bution of (U4 — Us) evaluated for the period 1995
- 1998 at Ostergarnsholm. During 12% of the time,
the wind gradient is negative.

The study of swell has received intensive interest
during the last few years with several publications
in international journals. The exchange of momen-
tum is strongly reduced during swell and sometimes
it is even negative (directed upwards), but parame-
terization of the phenomenon still needs to be done.

REFERENCES

Bergstrom, H. and Smedman, A., 1995: Stably
stratified flow in a marine atmospheric surface
layer. Boundary-Layer Meteorol., T2, 239 - 265.
Bergstrom, H. and Smedman, A., 1999, Wind cli-
matology for a well-exposed site in the Baltic Sea.
Submitted to Wind Engineering.

DeCosomo, J., K.B. Katsaros, S.D. Smith, R.J.
Anderson, W.A. Oost, K. Bumke and H. Chadwick,
1996, Air-sea exchange of water vaporand sensi-

16

ble heat: The Humidity Exchange Over the Sea
(HEXOS) results, J. Geophys. Res., 101, 12001 -
12016.

Donelan, M., Air-sea interaction. In: The Sea, 9,
Ocean engineering science; Wiley, New York, 239 -
292, 1990.

Edson, J.B.and C.W. Fairall, 1998: Similarity re-
lationships in the marine atmospheric surface layer
for terms in the TKE and scalar variance budgets.
J. Atm. Sci., 55, 2311 - 2328.

Hoégstrom, U., 1996, Review of some Dbasic
characteristics of the atmospheric surface layer.
Boundary-Layer Meteor., 78, 215 - 246.
Johansson, C., A. Smedman, U. Hogstrom, J.G.
Brasseur and S. Khanna, Critical test of Monin -
Obukhov similarity during convective conditions.
Submitted to J. Atm. Sci.

Khanna, S. and J.G. Brasseur, 1997, Analysis of
Monin-Obukhov similarity from large-eddy simu-
lation. J. Fluid Mech., 345, 251-286.

Smedman, A., U. Hégstrom, H. Bergstrém, A. Rut-
gersson, K.K. Kahma and H. Pettersson, 1999, A
case-study of air-sea interaction during swell con-
ditions, Accepted for publ. in J. Geophys.Res.

Yelland, M. and P. Taylor, 1996, Wind stress mea-
surements from the open ocean, J. Phys. Ocean.



02r

-3 -2

z/ L
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dashed line, z;/LL = - 3; dotted line, z;/L. = -8. - From Johansson et al (1999).
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Figure 2.a. Non-dimensional wind gradient at 8 m at Nisskir as a function of z/L, no low-

level jet. The dashed line is Eq. (9b). - From Bergstrom and Smedman (1995).
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Figure 2b. Same as 2a, but for ¢},. The line is Eq. (10b). - From Bergstrom and Smedman

(1995).
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Figur 2¢. Same as 24 but for cases with a low level jet. The dashed line is Eq. (9b). - From

Bergstrom and Smedman (1995).
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Figure 3. Estimated values of hourly mean wind speed gradient at 10 m (determined from cup
anemomeler measurements at 5 levels) at Ostergarnsholm for the entire time period 14 - 19
September, 1995 plotted as a time sequence in the direction of the arrows indicated and as a
function of wind speed at 10 m. Symbols: “x’ 14 September; ‘¢’ 15 September; ‘x’ 16
September; ‘+’ 17 September; “ o’ 18 September;'o" 19 September. - From Smedman et al.
{1599).
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Modelling activities and model intercomparisons within BALTEX

Daniela Jacob
Max-Planck-Institute for Meteorology, Hamburg, Germany

1 Introduction

The major objective of BALTEX (the BALtic Sea
Experiment) is to explore and quantify the en-
ergy and water cycles of the Baltic region (Bengts-
son, 1995). One way to contribute to this objec-
tive is to reduce uncertainties in our understand-
ing through modelling aiming for the quantifica-
tion of the variety of processes which determine
the space and time variability of the water and en-
ergy cycles. During the last years, within the EU-
founded projects NEWBALTIC I and II (Numeri-
cal Studies of the Energy and Water Cycle of the
Baltic Region) effort has been made to simulate at-
mospheric phenomena on time scales from days to
decades and to validate the results against obser-
vations. In this paper some examples of the work
within NEWBALTIC are presented, including sim-

ulations of one month, a model intercomparison ef-
fort for three months, sensitivity tests of almost two
years and long climate simulations of 10 years. All
groups participating in NEWBALTIC I and II (see
final (1998) and annual reports (1999)) contributed
to this work either through modelling activities or
in the context of validation.

2 Model development

As an example for the development of para-
meterization schemes, a comparison of the total
cloud cover derived from ISCCP (International
Satellite Cloud Climatology Project) data and two
simulations using REMO-DWD (physical param-
eterization schemes similar to the Europa Mod-
ell from the German Weather Service, DWD) for
March 1994 is shown in Fig. 1.

Total Cloud Cover: Stratiform + Convective
at 12:00 UTC

£
2
[+]
[&]
©
3
L
[&] -
S
2 04 -
L REMO (old)
REMOQ (new)
0.2 b~ ISCCP
PSP S SIS PR SR NI NSNPUANS IS SENPURN VNN MU SUAVERDN U H T WS S
2 4 [ 8 10 12 14 16 18 20 22 24 26 28 30

Day of March 1994

Figure 1: Total cloud cover during March 1994, ISCCP (blue), REMO new (red) and REMO old

parameterization (green)
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It can clearly be seen that the old cloud ice param-
eterization led to an overestimation of total cloud
cover compared to ISCCP. The new parameteri-
zation includes changes in the nucleation rate and
takes into account that the supersaturation over ice
is higher than over water. Both simulations have
been started with no cloud ice; they were driven
by DWD-analyses and performed at the GKSS re-
search centre. For further detail see also Zhang et
al, 2000.

3 Model Intercomparisons

Within NEWBALTIC all project partners agreed
to carry out a model intercomparison, which will
point to differences in numerical modelling of the
atmospheric water and energy cycles. Observa-
tional data do not cover all components of the
hydrological and energetic cycles, therefore the
model intercomparison will discover uncertainties
in model generated values. Together with a careful
validation against observations the deficiencies of
the models and the accuracy of model results can
be determined.

Initial studies were performed with the different
models taken as they were used within the groups.
It turned out that the results became incomparable
due to large differencs in resolutions and bound-
ary conditions. Therefore a unique effort has been

Daily Evaporation over Land Sun:ace
Ao A T 4 ; ;

made: all participating groups (the Britsh (UK
met office), Danish (DMI), Dutch (KNMI), Ger-
man (DWD) and Swedish (SMHI) weather ser-
vices, and the German research centers: GKSS
and Max-Planck-Institute for Meteorology (MPI))
agreed on a common vertical and horizontal grid
spacing, identical initial and boundary conditions
and a validation strategy which has been followed
in the project.

The simulations have been performed on an area
covering well the Baltic Sea catchment, on a hor-
izontal resolution of 1/6°. Boundaries have been
provided by DMI for the period 1st of August 1995
to 31st of October 1995, the PIDCAP period (Pilot
study of Intense Data Collection and Analyses of
Precipitation). During this time the data coverage
over the Baltic Sea catchment was enhanced. All
models were initialized in the same way, but run ei-
ther in forecast mode (30 hour forecasts including
6 h spin-up time, model: REMO-GKSS), in as-
similation mode (30 hours forecasts including 6 h
spin-up time and data assimilation, models: DWD
using the Baltex Model and DMI using HIRLAM)
or in climate mode (initialized once and contin-
uously forced at the lateral boundaries, models:
HIRLAM at SMHI, RACMO at KNMI, UKMO at
UK met office and REMO at MPI: using either
DWD physical parameterizations (REMO-DWD)
or the physical schemes from the global climate
model ECHAM4 (REMO-EC4)).
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Figure 2: Daily evaporation over land surfaces within the Baltic Sea drainage basin during August to

October 1995
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Results

Different variables important for the water and en-
ergy cycles have been compared against each other
and against observations. All models captured the
development of synoptic events quite well, which
is reflected in a good agreement between obser-
vations of precipitation and vertically intergrated
specific humidity (derived from GPS-data) com-
pared to model results (not shown here). Large
inconsistencies have been found in the comparisons
of evaporation over land and runoff into the Baltic
Sea due to different but related reasons. Fig. 2
shows the time series of evaporation derived from
seven model runs.

Large differences occur during the first three weeks.
This points to deficiencies in the initializations. Al-
though all models started from the same soil mois-
ture field, the method of interpolating the amount
of moisture on to the different soil parameterization
variables was slightly different and led to differ-
ences in the percentage of saturation. Differences
were as large as 2 mm/day (REMO-DWD, DMI). A
comparison of the time series of REMO-GKSS and
REMO-DWD, which are using the identical surface
parameterizations but started from different filling
percentages of the soil, show clearly the importance
of the soil moisture initialization. During the rest
of the simulation period differences in evaporation
were strongly influenced by the treatment of soil
and vegetation. For example all HIRLAM realiza-
tions show less evaporation than the other models.
This can probably be referred to the parametriza-
tion of vegetation, which is missing in HIRLAM.

The comparison of total runoff (Fig. 3) to the
Baltic Sea is another very useful study, because it
gives an integrated view of the simulated hydrolog-
ical components in the atmospheric models. The
observation of runoff has been substituted by a con-
trol run of the hydrological HBV-model at SMHI
(Bergstrom, 1995). This model is well tested and
can be seen as close to reality.

There are large differences in the runoff simula-
tions: one model produces no runoff (UKMO),
most of the other models over-estimate the runoff
during precipitation events. A clear correlation be-
tween runoff generation and precipitation can be
seen, which is not so strong in reality. Again defi-
ciencies in the soil moisture initialization together
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with the formulation of runoff generation within
the soil can be detected, see for example REMO-
EC4. In this simulation most of the precipitation is
stored in the soil and used to fill up the soil with wa-
ter until saturation is reached. It takes almost one
month before a sufficient amount of runoff is pro-
duced. A similar behaviour can be seen in RACMO
results, which is reasonable since the parameteriza-
tion schemes of REMO-EC4 and RACMO are very

similar.
Conclusions

The large differences between the model results can
clearly be related to differences in the parameter-
ization of physical processes, especially for mod-
els using identical numerics and dynamics (REMO-
DWD, REMO-EC4, REMO-GKSS). Most surpris-
ing is the substantial influence of the handling and
initialization of soil moisture and soil hydrology.
Other aspects are related to cloud processes.

The model intercomparison effort was not only suc-
cessful in describing differences between the models
and observations, it gave a first impression on the
uncertainties involved in the modelling of the water
and energy cycles and it led also to further model
developments. For example, a systematic nnderes-
timation of total cloud cover using REMO-EC4 has
been detected. Changes in the treatment of clouds
in REMO-EC4 cured the problem.

4 Intercomparison of horizontal
resolution and physical param-
eterizations

A detailed investigation was carried out for the pe-
riod January 1992 to September 1993 to study the
influence of horizontal resolution and again physi-
cal parameterizations. Four simulations have been
performed using REMO-EC4 and REMO-DWD on
0.5° and 0.16° horizontal resolutions. Both param-
eterization schemes are implemented in one model
code, therefore it is guaranteed that differences oc-
cur due to the above mentioned changes. All runs
were carried out using DWD-analyses at the lat-
eral boundaries. As an example, the time series
of total precipitation over land (for the Baltic Sea
catchment) as well as the corrected observations

(provided by SHMI) are shown in Fig. 4.
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Figure 3: Total runoff into the Baltic Sea during August to October 1995

25

PIDCAP Period (Aug-Oct/1995)

Date:



130
1204
110

1004

201

APR JL ocT

04—
JAN
92 92 92 92

JAN APR

JuL
93 93 93

Figure 4: Total precipitation over land surfaces within the Baltic Sea drainge basin. Horizontal resolution
0.5°: REMO-DWD (red) and REMO-EC4 (green), horizontal resolution 0.16°: REMO-DWD (blue) and
REMO-EC4 (orange). Observations are corrected values for precipitation (dots). Unit is mm.

It is obvious, that the general structure of the an-
nual cycle is well captured by all realizations. Espe-
cially during winter, there is a good agreement be-
tween observations and all simulations, however the
amount of precipitation is generally slightly over-
estimated from Nov. 92 until April 93. REMO-
EC4 has a strong overestimation of precipitation in
spring on both resolutions, which seems to be re-
lated to an intense convection over saturated soils.
This leads to an enhanced vertical moisture trans-
port triggering preci-pitation. The simulation of
precipitation in spring using REMO-DWD is in
much better agreement with observations, however
the peak in July 1993 is under-estimated. Using
REMO-EC4 only the extreme value in July seems
to be well captured. Both 0.5° runs are very simi-
lar, but during the first summer both deviate from
observations. Both show no annual cycle in 1992.
The detailed structure of the observed time series is
much better represented using REMO on 0.16° res-
olution. However during the first spring and sum-
mer the runs using different physical packages dif-
fer strongly. It can not be decided from this study
which simulation is closest to reality. Further work
is iIn progress.
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5 Annual and interannual vari-
ability

To investigate the annual and interannual variabil-
ity of the water budget for todays climate, sev-
eral experiments with REMO-EC4 have been per-
formed on a time scale of 10 years (Jacob and
Podzun, 2000).

For validation, REMO-EC4 on 0.5° resolution was
driven by ECMWTF re-analyses for the period 1979
to 1988. The time series of uncorrected observed
and calculated total precipitation over the Baltic
Sea drainage basin (land only) are shown in Fig.
5.

The good agreement demonstrates that REMO-
EC4 driven by perfect boundaries is able to sim-
ulate an annual cycle close to observations. It also
shows that there is no systematic bias in the long
term climate simulation. However there are still
deviations in spring and early summer resulting in
an overestimation of precipitation, which might be
due to deficiencies in the soil parameterization as
mentioned earlier. Comparing the means, REMO-
EC4 overestimates the long term mean by roughly
10 %, assuming the correction of precipitation for
undercatch is about 5 %.
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Figure 5: Time series of observed (uncorrected, dashed) and simulated (solid) mean and monthly total
precipitation for 1980 to 1988 over land surfaces within the Baltic Sea drainge basin. Unit is mm.

To investigate the influence of horizontal resolu-
tion REMO-EC4 has been driven by ECHAM4-
T106 data (horizontal resolution about 1°) from a
ten years long AMIP-simulation using observed sea
surface temperatures for the period 1979 to 1988.
Both runs ha,vé been analysed.

Fig. 6 shows the mean annual cycles over ten
years of the total precipitation within the Baltic
Sea drainage basin compared to uncorrected ob-
servations (bullets) for the ECHAMA4-T106 (red
curve), REMO-EC4 driven by ECHAM4-T106
(blue) and REMO-EC4 driven by ECMWF re-
analyses (green). It is evident that REMO-EC4
driven by so-called perfect houndaries is closest to
observations. In fall and winter a very good agree-
ment can be seen, but the above mentioned over-
estimation of precipitation in spring can still be
detected. Furthermore the calculated total precip-
itation in the global model shows no annual cycle
for this period, while the results of REMO-EC4
driven by ECHAM4 output provide an annual cy-
cle. In the last experiment again an overestima-
tion of precipitation in winter and spring is visible,
which seems to be a result of the too moist bound-
ary conditions and the deficiencies in the soil pa-
rameterization. A detailed investigation of the long
runs is in progress.
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6 Conclusions

Major progress has been made in exploring and
quantifying the water and energy cycles of the
Baltic region with numerical models. It could
be demonstrated that all models simulate atmo-
spheric phenomena without any systematic biases
after proper initialization. This could partly be
achieved through the strict model intercomparison
study, which gave insight into the uncertainties in-
volved in modelling the water and energy cycles.
The careful validation against observations led to
a good progress in model development. However
the water and energy cycles for the Baltic region
are not quantified until now.

7 References

Bengtsson, L. (1995): Baltic Sea experiment BAL-
TEX: Initial Implementation Plan. Intern. BAL-
TEX Secr., Publ. No.2, 84pp.

Bergstrém, S. (1995): The HBV model. In:
Singh VP (ed) Computer Models of Watershed Hy-
drology. Water Resources Publications, Highland
Ranch, Colorado, p.443-476



150
1404 -
1304 -
120
1104 |
1004
9id
804 :
704 °
60 :

s0q -
sd -
20]

Jan Feb Mar Apr May Jun

Jul Aug Sep Okt Nov Dez
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A comparison of three different turbulence parameterization schemes for HIRLAM

Niels Woetmann Nielsen, DMI, Copenhagen

1. INTRODUCTION

Turbulent transport of moisture, sensible heat and mo-
mentum plays an important role in the atmosphere. The
parameterization of turbulence in numerical models of
the atmosphere is therefore of great concern. Until re-
cently the turbulence parameterization in HIRLAM has
been a variant of the Louis scheme (Louis et al., 1981).
Three alternative turbulence parameterization schemes
have now been developed for HIRLAM. The purpose here
is briefly to account for the most significant difference be-
tween the schemes.

The schemes in concern are a 1.order nonlocal scheme
(T1), a 1.5 order local turbulent kinetic energy (TKE)
scheme (T2) and a 1.5 order nonlocal TKE scheme (T3).
In HIRLAM terminology T1, T2 and T3 are known as
the Holtslag scheme, the CBR scheme and the Perov
scheme, respectively. Basic references to these schemes
are respectively, Holtslag and Boville, 1993; Cuxart et
al., 1995, and Perov and Gollvik, 1996.
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In (6) E = 1 (w?+ v+ w?) is the TKE and ¢ is
the dissipation of TKE. Other symbols have their usual
meaning. T2 and T3 use simplified forms of (6). In
T2 the last term in the first square bracket (SB) is ne-
glected together with the pressure-vertical velocity co-
variance (third SB term) and the divergence of the ver-
tical TKE transport (fourth SB term). In T3 only the
pressure-vertical velocity covariance term is neglected.
The parameterization relates the second order mo-
ments to mean variables by assuming relations of the

form
&
K- <£ - ’Yc) ;

Czuﬂ)ye,q,(k'

(7)

In (7) K¢ is an eddy exchange coefficient analogous to
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2. BASIC EQUATIONS

The effect of turbulence on the mean flow is approxi-
mated by

8u/8t = — 0w 8z, 1)

85/6t = —vw 9z, (2)

80,/6t = —80' w' bz, (3)

8g/8t = —8¢'w' 9z, (4)

(5)

i.e. the horizontal derivatives of the second order covari-
ance (Reynold) terms are assumed to be much smaller
than the vertical derivatives. Note that specific cloud
water (g.) is included as a prognostic variable. To the
same level of approximation the TKE equation takes the
form

69,/0t = — 0w’ )9z,

+v'w - — +w'w’

—_— 07— B_E
0z Oz

Ep (6)

p Oz
the molecular viscosity and diffusivity coefficients and
Y¢ is a countergradient term accounting for upgradient
turbulent transport of for example sensible heat in the
convective boundary layer. The only exception from this
rule is the parameterization of —w’w’, which only appears
in T3. This term is instead parameterized by assuming
(Rodi, 1980; Perov and Gollvik, 1996)

— 2 ow
'w=-FE - 2K, —.
ww 3 Y8z

K, is defined in the next section.

(8)

3. EDDY EXCHANGE COEFFICIENTS

In T1 the eddy exchange coefficient is specified differ-
ently in and above the planetary boundary layer (PBL).



In the PBL (z < h, where h is the PBL height) K¢ is
given by

K;=k-we(z/L) -z (1-z/h)", (9)
and above the PBL (z > h)

v

— ]2,
K =1 0z

- fe (RE). (10)

In (9) k is the Von Karman constant and wy is a vertical
velocity scale depending on the Monin-Obukhov stabil-
ity parameter z/L and on the variable ¢ in concern, i.e.
u,v,8,q or g.. For more details, see Holtslag and Boville,
1993 and Nielsen, 1998. In (10) [ is a mixing length (see
section 5) and f; (Ri) a stability function depending on
the Richardson number Ri following Louis et al., 1981
for Ri > 0 and Holtslag and Boville, 1993 for Ri < 0.

The two TKE schemes are more advanced in the sense
that the eddy exchange coefficients depend on TKE.

In T2 K¢ is specified as

KC :C('Ku -(,i)3 (RS), (11)

where ¢, is a nondimensional constant and K, =1[- vE
is the eddy exchange coefficient for momentum. ¢3 is a
function of the dry Redelsperger number Rs

g 12 _00 ~0q
s 0 E(1+061q62+061 52 (12)
@3 takes the form (Cuxart et al. 1995)
é3 = (1+0.139- Rs)™ ", (13)

where Rs is controlled by the condition Rs =
maz{—3.924, min{Rs,71935.252}}. The scheme is pre-
pared for a change from the ”dry” variables 6,q and g,
to the "moist” variables 6; (liquid water potential tem-
perature) and g; = g + ¢. (total specific humidity). The
Redelsperger number should for example be replaced by
its moist version, i.e. the vertical gradients of § and g in
(12) should be replaced by corresponding gradients of ‘A
and g;.

Finally, in T3 the eddy exchange coefficient is specified
as

K¢ =a¢ - Ky, (14)

where K,, = c. E Je= IWE. ¢¢ is a nondimensional con-
stant and a is the inverse turbulent Prandtl number for
variable ¢ (Bougeault and Lacarrére, 1989). Like T2 the
scheme is prepared for a change from ”dry” to "moist”
variables. Note that the covariance E’w’ is retained in
the TKE equation (6). Accordingly, the list of variables
in (7) is expanded with ( = E. T3 also contains a prog-
nostic -equation for the dissipation of TKE (see section
6), which requires a further expansion of the variable list
in (7) with { = e.
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4. COUNTERGRADIENTS

In all schemes the countergradient +¢ is set to zero if
the surface layer is stably stratified (z/L > 0). It is as- .
sumed in T1 that only the countergradient for sensible
heat is nonzero. Following Holtslag and Moeng, 1991 and
Nielsen and Sass, 1995

2N G, (19)

=d (_
=RNR) wath
where w, is the convective velocity scale (Deardorf,
1972), (w'd}), is the kinematic vertical virtual sensible
heat flux at the surface, dy a nondimensional constant
and w,, given by

1/3

Wi = W, ((Z—)s 115 k%) . (16)

The T2 scheme has no countergradient terms.

In T3 ~ is calculated as in T1. T3 also contains a
countergradient term for TKE given by (Perov and Gol-
lvik, 1996)

~ |t

kg ,_g_(w:—%)s.w*.

= 17
TE= R, (17)

Here kiz is a nondomensional constant and ag is the
inverse turbulent Prandtl number for TKE.

5. MIXING LENGTH

An expression for the mixing length ! is needed to close
the system of equations in T1 and T2. In T3 the system
is closed by adding a prognostic equation for ¢ and close
this equation by a number of assumptions (for details,
see Perov and Gollvik, 1996).

In T1 the term k - z - (1 — z/h)* in (9) can be inter-
preted as a diagnostic mixing length within the PBL and
the velocity scale we can be considered as a crude mea-
sure of VE. Above the PBL a Blackadar formula (Black-
adar, 1962) is used with an assymptotic mixing length of
30 metre.

In T2 ! is calculated diagnostically from

l= Vlu'ld9 (18)

where [, and I are the distances an air parcel must be
displaced upward or downward before its TKE has been
consumed by buoyancy (Bougeault and Lacarrére, 1989).
In T3 ! is given by
—E—3/2

=2 1
lc6 (19)

i.e. ! is determined by the two prognostic variables E
and e.



6. TKE DISSIPATION

E and € are not available for T1.
In T2 € is determined by
-E—3/2

— (20)

€E=2C

where ¢; is a nondimensional constant. Note here a basic
difference between T2 and T3. ¢ is determined by E and
a diagnostic { in T2, while € in T3 is a prognostic variable
and [ subsequently determined from (19).

The prognostic equation for € in T3 reads (Perov and
Gollvik, 1996)

¢
5827
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where the coefficients C)¢ and Cs. are functions of the
turbulent Reynolds number Re = 4E* /9ve (Aupoix et
al., 1989 ; Lykossov, 1993). In the latter formula v is the
molecular kinematic viscosity of air.

7. BOUNDARY LAYER HEIGHT

The PBL height is calculated in all the schemes, but
it is only an important parameter in the turbulence pa-
rameterization in the nonlocal schemes T1 and T3. In T2
it only has a rather weak impact through the convective
velocity scale in the lower boundary condition for TKE
(see section 8).

Following Troen and Mahrt, 1986, k is in T1 and T3 de-
termined as the height where the bulk Richardson num-
ber Rig

Ri, = z-g-(60,(2) — 9v8)’

= 2 (22)
By - V(z)l

first time exceeds a critical bulk Richardson number
(in the range from 0.25 to 0.5) when increasing z from
zero (i.e. when moving upward from the surface). In
the convective PBL an excess temperature is added
to 8,5 (Troen and Marht, 1986; Holtslag and Boville,
1993). In T1 the denominator in (22) has been replaced
= = 2

by Oys - (lV(z) - V(zb)‘ + 100-u,2), where z;, is the
height of the lowest model level (Vogelezang and Holt-
slag, 1996).

In T2 h is simply estimated as the height above the
ground where the TKE first time becomes less than
0.01m3%s~2.
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(21)

8. LOWER BOUNDARY CONDITION FOR E
AND ¢

It is necessary to specify a lower boundary condition
for E in T2 and for both E and € in T3.

In T2 the TKE at the bottom level (index b) is speci-
fied as

- 2/3
Ep = 3.75 - uy + 6y - [uﬁ . (-—%) + 0.2w*2} , (23)

with 6§, = 1 or 0 if the surface layer is unstably or stably
stratified, respectively.
The corresponding equation in T3 is identical with (23)
except that the term (—zb/L)z/3 is replaced by (—Ri)3/2.
The lower boundary condition for the TKE dissipation
in T3 is specified as

u*3 2y Zy
€= k-z (d)m (f) _f)’
where ¢,, is the nondimensional wind profile function
(Businger et al., 1971).

(24)

9. PARALLEL EXPERIMENTS

The schemes have been verified in parallel data
assimilation-forecast runs in a period from 27th Jan-
uary to 12th February within the Fastex experiment
period in 1997. The HIRLAM 4.3.4 reference data
assimilation-forecast system was utilized. The selected
integration area , 110- 100 gridpoints, covered the North-
East Atlantic, Europe and Greenland with a resolution
of 0.5° - 0.5° and with 31 hybrid levels. +48 hour fore-
casts were run from the analyses at 00 UTC and 12 UTC
(making a total of 29 two-day forecasts).

The forecasts were verified against observations. The
verification results are presented in Kallberg and Ivars-
son, 1999. Here the bias and root mean square error
(rms) of surface parameters (mean sea level pressure,
temperature and dewpoint at 2 metre height, total cloud
cover in octas and wind speed at 10 metre height) are
reproduced in Table 1 and 2. The differences in the ver-
ification scores are rather small.

The quality of precipitation forecasts (12 hour accu-
mulation from + 18h to + 30h and from +30h to +42h)
is summarized in Table 3. This table shows that the
differences in precipitation forecast quality between the
schemes also are small. More specifically: For the limit
of 2.0 mm in 12 hours, T2 has the best probability of
detection, 70.3%, with 67.6% and 67.3% for T1 and T3,
respectively. The false alarm rate is 44.7% in both T2
and T3, while it is 46.9% in T1.

Somewhat larger differences were found in the verti-
cal profiles of bias and rms of temperature, wind and
humidity, mostly in favor of the T2 scheme (figures are
presented in Kallberg and Ivarsson,1999). These results
has lead to a replacement of T1 (Holtslag scheme) with
T2 (CBR scheme) in the HIRLAM reference system.



After the experiment was done in January 1999 a few
modifications and error corrections have been made in
both T2 and T3, which further has improved the perfor-
mance of these schemes. The documentation of T2 and

T3 presented in the previous sections is for the updated
versions of the schemes. A thorough parallel test with
the updated schemes in data assimilation-forecast mode
remains to be done.

TABLE 1. Bias against Synop/Ship for all
+30/+42/+48 hour forecasts

[experiment[ P ot hPa|Tom K| Tdam K|Octas [Windiom m/s|

T1 +0.2 -0.8
T2 +0.2 -0.4
T3 +0.2 -0.5

+0.7 | +0.6 +0.1
+1.0 | +0.6 +0.2
+0.8 | +0.0 +0.1

TABLE II: RMS against Synop/Ship for all
+30/+42/+48 hour forecasts

[experiment [ st hPa] Torm K[ Td2m K|Octas[Windiom m/s|

T1 1.2 3.0
T2 1.3 3.0
T3 1.2 2.9

31 | 32 2.5
33 | 3.2 25
31 | 3.2 2.5

TABLE III: +12h precipitation > / < 2.0 mm

[forecasts :[observed < 2.0 mm/12h]observed > 2.0 mm/12h]|cases]|

T1 < 2.0 3678 202 3880
T1>20 372 421 795
T2 <2.0 3696 185 3881
T2>20 354 438 792
T3 <20 3711 204 3915
T3 >2.0 339 419 758
obser— 4050 623 4673
vations
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Extended abstract

Many WINTEX extra measurements at the
Sodankyld site were available on the 14-15
March 1997, so this short review of the
WINTEX activities most relevant for
atmospheric modelling concentrates around
these. For more details and results of the
WINTEX experiment, consult Halldin (1999).
Also the British Meteorological Office (BMO)
research flights took place on the 15th of March
1997, which was a cool but sunny day with NW
8-10 m/s upper winds, after a very cold night
with weak surface winds. The nighttime 2m and
snow surface temperatures went down to -28°C
and -36°C, respectively, and the operational FMI
HIRLAM 24h forecast was up to 13°C too warm
that night. In the extra low-level wind sounding
15.3.1997 at 07 local time (Figure 1), one can
see a strong wind shear near the surface
associated with a strong surface inversion, a low
level jet structure, and some oscillation in the
stable boundary layer wind, which may be of
internal gravity wave origin. A typical high-
resolution BL model (the UH 1-D model) can
roughly reproduce most of these features but the
small and possibly intermittent nighttime
turbulence with strong shears is a problem in
larger-scale models, where large parts of the
gridsquares may be turbulence-free in nature.
Figure 1 also displays the small levels of
turbulence (drag coefficient of 1% from its
neutral value), which are needed for a fair
simulation of the near-surface local winds in
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extremely stable conditions. Most models do not
allow for such small values.

The BL processes of interest in WINTEX were
radiation, turbulence, and surface interactions in
the boreal landscape during winter. The
landscape around Sodankyld was a fairly flat but
strongly heterogeneous black-and-white checker-
board pattern of pine forest patches and snowy
non-forest patches of fields, lakes and mires.

1000
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Height (m)

400

200 ¢

4 6
Wind speed (m/s)

Figure 1. Observed and simulated (UH model)
wind speed profile at Sodankyld on 15 March
1997 07 local time. The background turbulence
level is varied in the model, 10% (dash-dotted),
5% (dotted) and 1% (thin line) from neutral
value. .

Radiation

was observed during the BMO horizontal flight
tracks with SW and LW fluxes up and down,
measured with 1 Hz (about 100 m spatial)
resolution at 4 altitudes along three 25-30 km
long tracks centered downstream around
Sodankyld at 13-14 LT, 15 March 1997. This
vast data reveals surprisingly little spatial
variation along the tracks, except that the
reflected SW radiation varies strongly with
surface albedo and the upward LW flux
correlates well with the remotely sensed ground
temperature below the aircraft, dark forest
patches being warmer than bright snowy
patches. The measured albedos for forest patches
are about 40%, snowy patches reach up to 70%,



and track average (valid for a larger-scale
model's single grid square) is around 47%. A
GCM-type radiation scheme (the UH model code
with 4 SW and 6 LW bands) reproduces the
observed fluxes fairly well with prescribed
albedos based on land use maps. It seems that
the horizontal subgridscale variation is not a big
problem for radiation.

There is one point, however. Near the surface, at
0-30 m, we do not know the flux profiles well
enough, and measurements were made in
WINTEX only at one level near the surface.
Advanced radiation schemes can produce quite
different net flux profiles with the same
"weather" input, depending on their boundary
conditions and what kind of temperature and
moisture profiles near the surface they assume.
In calm and stable conditions turbulence is low
or nil. Then, radiation can drive the BL evolution
and hence surface temperature evolution as well.
Thus we need, in future field experiments,
radiative flux profile measurements from masts,
preferably within typical forest canopies and
aloft, as well as in the snow-covered areas free
of trees.

Turbulence

was continuosusly observed in WINTEX at
Sodankyld by 18 m mast measurements within a
typical low pine forest patch, and during the
BMO flight. Latent heat fluxes (LE) were small
in general. The mast-observed sensible heat flux
(H) was small and negative during the cold,
stable nights, but turned positive up to 100
Wm-2 during sunny days. It often indicated
maxima at about 2 hours before and after local
noon. This feature is not predicted by models, as
seen in Figure 2, which shows the 18 m
observed and MIUU model fluxes of H and LE
during 15.3.1997. The feature may be due to
morning and afternoon low sunbeams hitting the
dark pine-tree canopies only, heating up these,
while near local noon sunbeams penetrate to the
more reflective snowy surfaces between the
trees. If so, this effect can be parameterized
knowing the typical canopy heights, canopy
albedos (= 12-15%) and tree densities. Low
albedos and high sensible heat fluxes over
springtime boreal forests were also found out
during BOREAS (e.g. Harding and Pomeroy
1996). They can lead to mesoscale "snow
breezes" near forest patch boundaries in sunny
spring and winter days.
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H typically increased toward and above the
canopy top (= 12 m) during the daytime mast
measurements as yet another indication of the
darkness of the Lappish pine canopy, which
quickly sheds off snow. - In the BMO flight
measurements there was a lot of spatial variation
with small eddy scales in the lowest level H and
LE. The track average (+ std) of H at the lowest
flight level, at about 80 m, was 16 + 15 Wm‘z,
at 180 m H was generally negative, -2 £ 5
Wm-2, and H was small higher up. A typical
first order closure scheme (the UH 1-D mixing
length scheme) could roughly imitate these mean
H and LE profiles along the 25 km track, given
the track mean u, v, T, q values as input. Larger-
scale eddies could be detected in the 400 and
1100 m observations of H and LE, but the
amplitudes were small. They may be indications
of convection and snow breezes above the dark
pine forest bathing in spring sunshine, like in
BOREAS.

-
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Figure 2. Diurnal variation of the sensible heat
flux (Wm-2) 15 March 1997 at the Sodankyld
site. Dots: Mast observations (eddy correlation
method); Solid line: Simulation (MIUU model).

Snow_surface

Snow surface and within-snowpack
observations were also made. These gave
temperatures as low as -36°C during the cold
night of 15 March 1997, due to weak surface
winds (1-2 my/s), new snow at the top, and a
clear dry night; resulting in little turbulence and
mixing, well-insulating topsnow layer, and



strong net outradiation. The HIRLAM forecast
was probably too warm because 1) it tended to
make fog, 2) it used average and thereby less
insulating snow properties, and 3) it produced
presumably too much mixing in the extremely
stable conditions. Figure 3 shows the Sodankyld
surface temperature as observed and as from the
UH model forecast with different values of snow
properties, starting from 14 March 1997, 12
UTC, pointing out the importance of local up-to-
date snow properties.

L_‘—b_l__,____‘___j__L__L_l——L——L—J——L—‘L_‘—‘J
i5 18 21 24 03 06 09 12 15
Local time (hours), UTC+2h

Figure 3. Observed (thick line) and simulated
(UH model) snow surface temperatures (°C) at
Sodankyld from 14 March 1997 12 UTC
onward. Snow heat capacity is varied in the
model; the top model curve is for old "typical”
snow, the lowest (thin line) for fresh new snow.

Modelling

The UH 1-D and 2-D mesoscale models were
used in WINTEX for various sensitivity studies
as indicated above. The 3-D Uppsala University
(MIUU) mesoscale model was used likewise. It
simulated the near-surface winds and fluxes H
and LE quite well in the 14-15 March 1997 mast
intercomparison (c.f. Fig. 2). It also indicated
significant topographic effects on near-surface
winds during nighttime, i.e. local shallow
katabatic flows leading to "cool pools” well
known to the locals in Lapland. A meso-net of
anemometers could be utilized in future
experiments to observe these weak mesoscale
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flows. Their net effect on the larger-scale flow
appears to be insignificant, though.

Sometimes instabilities were noticed in the UH
model experiments with the most extreme
parameter settings, although the numerical
methods used were known to be absolutely
stable. These "crashing" problems were recently
noticed and named by Derbyshire (1999), who
showed that they are a real physical instability of
the very stable surface layer. He gave examples
from the BMO observation site at Cardington,
where the associated decoupling of the surface
from air (no turbulence at all, hence rapid
cooling of the nighttime surface) could be seen in
observations but was not predicted by the BMO
mesoscale model. It appears that a lot can still be
learned from present and future field
experiments!
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Abstract. Measurements from Northern
Finland on radiation and turbulent fluxes over
a sparse boreal forest with snow covered
ground were analysed. The measurements
represent harsh winter conditions
characterized by low sun angles. The
absorption of incoming solar radiation
(turbidity) was found to be a strong function of
the solar elevation. Commonly used
expressions for the absorption did not fit the
measurements well at these low solar elevation
angles. A simple energy balance type met-
processor was found to perform well during
daytime, but the performance during nighttime
was not satisfactory. The simplifications in the
energy balance model and possible
improvements are discussed.

Introduction

As a part of WINTEX, meteorological
measurements were carried out at Sodankyld
in Finnish Lapland March 1997 in order to
study the feasibility of applying sonic
anemometers for turbulence measurements
during harsh winter conditions, and to
investigate the fluxes of heat and humidity
over a sparse boreal forest typical for the
Northern hemisphere. The measurements were
started on March 12, 15:30 Finnish winter time
and ended on 16:00 March 24, 1997. The sonic
anemometer measurements were carried out in
co-operation between the Swedish National
Defense Research Establishment and Risg
National Laboratory. The Finnish
Meteorological Institute performed 3 hourly
radiosoundings during the experimental
period, and routine measurements of global
radiation. Data on global radiation used for
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this analysis cover the period March 6 to May
31, 1997.
Site and instrumentation

The measurements were carried out at the
Sodankyld Meteorological Observatory ( 67°
29" N, 26° 39’ E) at Tihteld. The observatory
is located in a sparse forest of typically 6-8
meter tall pine trees. The area is typical for the
subarctic Northern Finland with coniferous
forests and large open mires dominating the
landscape. The river Kitinen flows a few
hundred meters west of the Observatory. The
town Sodankyld is located 6 km north of the
Observatory. The area is rather flat both on
small and large scales, with hills reaching 500
meters height within 20 km.

During the experimental period, March
12 to 24, 1997 the ground was covered with
snow, river and lakes frozen, and the trees
most of the time bare without snow cover. Day
and night were approximately equally long.

The instrumentation of the site was
rather comprehensive. Turbulence  was
measured by the use of sonic anemometers in
and above the sparse forest, mounted on a mast
at heights of 2, 6, 12 and 18 meters.
Measurements of humidity fluctuations were
performed at 18 meters height by use of an
OPHIR optical hygrometer. Wind speed and
temperature were measured at 8 and 16, and
wind direction at 16 meters height. The
Finnish Meteorological Institute measured the
global radiation routinely at a height of 16
meters, well above the forest, and profiles of
atmospheric properties were measured by
radiosondes released regularly every 3 hours
during the entire experimental period. As a
part of the STAAARTE initiative the English
Hercules research  air-plane  performed
measurements on two occasions during the



experiment. In addition to the routine
meteorological observations snow properties
were measured.

In this study we will concentrate on the
radiation and turbulence measurements. The
wind and temperature fluctuations were
measured with 4 sonic anemometer (Solent
Research 3D ultrasonic anemometers). This
instrument is well suited for measuring low
wind speeds, because it contains no moving
parts. The probe is designed for
omnidirectional winds, and is good for use in
areas with varying winds. The measuring
principle of the sonic anemometer is based on
the flight time of sound pulses transmitted
back and forth between pair of transducers.
The three dimensional wind vector can be
constructed by using three pairs of acoustic
transducers. As the sound velocity is
dependent on air temperate the sonic system
can also be used for measuring air temperature
fluctuations. Measurements of humidity
fluctuations were performed with an OPHIR
optical hygrometer (measuring height 18m).
The measuring technique is based on
absorption at two different infrared
wavebands. Sampling frequency was 20 Hz.

Hourly averaged radiation
measurements were performed with a
pyranometer, mounted at 16 meters height to
obtain a free horizon, as part of the regular
observations at Sodankyld. A 3-month period
(March-May 1997) is analysed here. Cloud
observations were performed every three
hours.

Meteorological pre-processor of incoming
solar radiation

The radiation measurements provide the
opportunity to test simple models of the
incoming solar radiation, based on solar
elevation and cloud cover. The measurements
are unique because the solar elevation is very
low (typically 20 deg during mid day) at the
site. A number of models were tested with
poor result, because the modeling of the
turbidity, which describe the attenuation of
incoming solar radiation by the atmosphere,
was too crude. The following models for
incoming solar radiation were tested:
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e Holtslag and van Ulden (1983):
K&=-1041 sing + 69

o Karpinen et al. (1996):
K¢=-1372 (0.987 - 0.909(sin ¢ + 0.118)si1

o Stull (1988):
K& =-1370(0.6 +0.2sing )sing
¢ and a proposed new model:
K% =-1370 sing exp(~0.1/sin¢ )

where K, is the incoming global radiation

(note upward is positive) for a cloud free sky
and sin¢ is sinus to the solar elevation angle,

abbreviated sin_sea on Fig 1.

Defining the atmospheric turbidity
(atmospheric absorption) as K |, /sin¢ Fig 1
shows the turbidity plotted against sinus of the
solar elevation angle. The crosses shown
measurements for cloud free days in March,
April and May 1997. The dashed line shows
the function suggested by Holtslag and van
Ulden (1983), the dashed-dotted line the
suggestion by Stull (1988), and the dashed-
dot-dot line the function of Karpinen et al.
(1996). It is clearly seen that none of the
functions is a fair approximation at small solar
elevation angles. The full line shows a
turbidity function suggested by Haurwitz
(1945), but with the empirical constant
adapted to the measurements at Sodankyld,
which resulted in the rather nice agreement
between measurements and model.

The effect of clouds are empirically
modeled as (Kasten and Czeplak, 1980)

K'=K:(1-0.75C**)

which was found to be slightly superior to the
other commonly suggested relationship

K* =K} (1-0.6C)

where C is decimal cloud cover (N is cloud
cover in Oktas: C=N/8). Fig 2 shows the
modelled and measured incoming radiation
including the effects of clouds. Overall the
agreeemnt is good but with some spread.
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Fig 1. Turbidity or atmospheric absorption of the
short wave radiation as function of sinus to the sun
elevation angle for cloud free days. Crosses show
measurements, the full line is the suggested model
for turbidity, the dashed line represents the model
suggested by Holtslag and van Ulden (1983), the
dashed-dotted line the model of Stull (1988), and
the dashed-dot-dot line is Karpinen et al.(1996).
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To investigate the spread in more detail
modelled and incoming radiation for cloud
cover N 27, N<6 and N<4 are shown in Fig 3.
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The agreement is indeed good when
N<4 and only slightly degraded for N<6, ,
whereas the agreement for 7 < N < 8, clearly
indicate that the major part of the spread
originates mainly for conditions with cloud
cover 7 or 8. It is clear that the many different
types of clouds and cloud characterists cannot
be modelled in this simplistic way and
therefore leads to uncertainty in the modelled
turbidity, but it is a promising result that even
up to cloudcover N=6 the agreement is fair
despite the crude parameterization of the effect
of the clouds.

The formula for the global radiation
suggested here reads:

—0'1))(1—0.75C3'4)

K* =-1370sin(¢) exp(—
sin(¢

where K is the global solar radiation near the
ground, - 1370 the Solar constant (Wm?), ¢

the solar elevation.

Fluxes in and above the forest

It is a very characteristic feature of the
measurements that a pronounced gradient in
the sensible heat flux and temperature can be
observed between the lowest level of
measurements inside the forest and the
measurements above the forest. Fig 4 shows
the sensible heat flux at 2 and 18 meters
height, representing the conditions -inside the
forest just above the snowpack and above the
forest. The amplitude of the sensible heat flux
is pronounced bigger for the measurements at
18 meters compared to the measurements at 2
meters. It is clearly seen that during daytime,
the sensible heat flux above the forest is
noticeable bigger than inside the forest, which
is caused by warming of the trees by the
incoming radiation. During night-time the
sensible heat flux above the forest is smaller
than inside the forest.

The latent heat flux, shown in Fig 5, is
measured at 18 meters height only. By
comparing with Fig 4 it is seen to be much
smaller than the sensible heat flux, typically
only 10 Wm during both day and night time.

40

250 —
full line, 18 metres
dashed line, 2 metres
200 —
—_ 0
E 15 | ?‘
3 1 o ‘ Vo
5 100 bl ;\\’ ‘Tl
E] K JI .
e 50 'l LHE L
5 i A ih [ , m
Q h ¥ 'I l) i !
B K r‘ I‘J SIS I "l','
(?) 0 — "' - = )i l"j\ ‘,’,’ *1‘4 B N}’h '
. ATan i <
50 — w co
Vo
T §
'100 T ) T i T | T l T l T ) T ‘ 1 { T l T a T I T i T i

12 13 14 15 16 17 18 19 20 21 22 23 24 25
Day of month (March 1997)

Fig 4. Sensible heat flux at 2 and 18 meters height
as function of time.
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Fig 5. Latent heat flux at 18 meters as function of
time.

The temperature at 2 and 18 meters is
shown at Fig 6 for the experimental period.
The amplitude of the temperature at 2 meters
is bigger than at 18 meters. It is characteristic
that during daytime the temperature decreases
with height, which is characteristic for an
unstable atmosphere and associated generally
with positive heat flux. During night the
temperature increases with height, typical for a
stable atmosphere.
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Fig 6. Temperature at 2 and 18 meters height as
function of time.

Met-processor of the sensible heat flux
above the forest

Using the above formula for the global
incoming radiation the sensible heat flux over
the forest was determined by a conventional
simplified energy balance:

O=-K"(A-1)+cT*+c,N-oT* ()

where Q is the upward directed sensible heat
flux, r is albedo, ¢,T®accounts for longwave
incoming radiation from the air in absence of
clouds (Swinbank, 1963), c,N the incoming
longwave radiation from the clouds (Paltridge
and Platt, 1976), and oT* the outgoing
longwave radiation from the surface according

to Stefan-Bolzmans law. The empirical value
of the constants are:

c1=53110"° Wm?K*
€2 =60 W m™>
0=567TWm?2K*

The temperature measured at 18 meters
height, T, is used to represent both forest and
surface conditions. The ability of the
simplified model to predict the sensible heat
flux is illustrated in Fig 7. The agreement
between measured and modelled sensible heat
flux during day-time is generally good. The
agreement for the nighttime heat fluxes is not

41

satisfactory. The  met-processor grossly
underestimate the heat fluxes, indicating that
the energy exchange inside the snow plays an
important role for the fluxes above the forest.
It should be noted that in Equation (1) the
effect of latent heat fluxes and the sensible
ground/snow heat flux are neglected, as well
as storage of heat due to warming or cooling of
the trunks of the trees. The good performance
of the model during daytime shows that these
assumptions are fair during daytime, where the
flux is controlled by the forest. However it is
not permissible to neglect these terms during
nighttime. Especially the use of the
temperature at 18 meters height to represent
the radiation temperature of the snow during
nighttime is a very poor approximation. It is
known that the temparature of the air can be
10 to 20 degrees C warmer than the snow
surface temperature. This effect has to be
accounted for in modelling of the nighttime
fluxes, which can only be done by applying
detailed modelling of the energy balance
within the snowpack, thus taking into account
the detailed characteristics of the snow cover.
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Fig 7. Measurements of sensible heat flux above the
forest at 18 meters height (full line, the crosses
represent the individual measurements) and
modeled sensible heat flux using Equation 1)
(dashed line).

Discussion
The meteorological conditions with rather long

days, a snow covered ground surface and bare
pine or spruce trees is rather typical for the



Northern boreal forest during the last part of
the winter, but hardly characteristic for the
whole winter period. The measurements shows
that the forest has a pronounced effect on the
local meteorology. The forest induced
convective heat flux is comparable to heat
fluxes found in middle Europe, and is able to
form a convective mixing layer that can reach
depths of typically 1000 meters in the late
afternoon. The convection is caused by
warming of the trees by solar radiation. The
trees are bare (not snow covered) with low
albedo and thus an efficient absorber of short-
wave radiation. The forest floor is covered
with snow which reflects short wave radiation.
The upward directed heat flux above the forest
originates mainly from the warming of the
trees, while the heat flux from the forest floor
remains small.

The foregoing discussion has been
focused on the heat flux at one point in a
forest. The area around the measuring point
contains also mires and lakes, which have very
different thermal and radiation characteristics
compared to the forest. Based on the
radiosoundings it is possible to estimate the
area averaged sensible heat flux. Application
of the method is based on the evolution of the
boundary layer, and is restricted to cloud free
days. The analysis will be reported elsewhere,
but main results will be summarized here. The
regional heat flux determined on the basis of
the growth of the mixed layer was found to be
significantly smaller than at the forest sites.
The regional heat flux represents a zone of
approximately 20 to 200 times the height of
the mixed layer depending on atmospheric
stability, and thus integrates the heat flux over
20 to 200 km upwind of the Observatory. The
surrounding area consists of mires and lakes,
which were snow covered during the
experiment and thus expected to have a
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relatively high albedo and consequently small
heat flux. The area averaged heat flux suggest
that the aggregated heat flux is approximately
50% of the heat flux measured over the forest.
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VALIDATION OF HIRLAM WITH NOPEX DATA
B. Bringfelt
Swedish Meteorological and Hydrological Institute, Norrkdping, Sweden

This contribution is a summary of a paper by B.
Bringfelt!, M.Heikinheimo’, N. Gustafsson', V.
Perov' and A. Lindroth® to be published in a
NOPEX special issue of Agricultural and Forest
Meteorology.  ('Swedish .Meteorological —and
Hydrological Institute, Norrkoping, Sweden;
Finnish Meteorological Institute, Helsinki,
Finland; ’Department of Physical Geography,
Lund University, Lund, Sweden)

To improve the accuracy of forecasting
near-surface  atmospheric  variables
over a heterogeneous landscape, a
framework of subgrid surface types and
the ISBA parameterisation scheme for
land surfaces have been tested in the
operational weather forecast model
HIRLAM, using a 55 km gnd
resolution. Surface energy fluxes
measured during a single summer day
at six fixed sites in the NOPEX area,
representing agricultural fields, boreal
forests and lakes, were used for
verification.

HIRLAM (HIgh Resolution Limited
Area Model, Killen 1996) is a
complete weather forecasting system in
operational use and under development
in the international HIRLAM project
participated in by Denmark, Finland,
Iceland, Ireland, The Netherlands,

Norway, Spain  and Sweden.
Cooperation also takes part with
France.

The task of a land-surface scheme is to
predict the surface variables (¢ g
temperature and moisture) from the
energy and water balances of the
surface. See e.g. Viterbo (1996) for a
review. In the present operational
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HIRLAM surface scheme, soil-
vegetation-atmosphere processes such
as movement of water in the soil,
evapotranspiration and heat exchange,
are treated in a simplified manner. To
improve model performance, there is a
need to take more realistic account of
the various biogeophysical properties
of the vegetation and soil and to let .
these properties vary spatially. In order
to improve forecasts of surface fluxes
as well as the near-surface variables, a
new surface scheme with a framework
for land classification was implemen-
ted and tested for HIRLAM.

The aggregation of subgrid features to
the whole model grid can be done
using various techniques. The main
approaches to subgrid averaging are
parameter aggregation (e.g. Collins and
Avissar 1994), where important surface
parameters are averaged to represent
the whole grid area, and flux
aggregation, where the surface fluxes
are averaged, as in Ducoudre et al.
(1993). Aggregation approaches were
recently evaluated for the NOPEX area
by Frech and Jochum (2000) using
aircraft measurements. They found that
the effective, grid-averaged, exchange
coefficient for momentum transfer was
independent of the averaging scale,
whereas this was not the case for the
sensible heat transfer. This implied that
the sensible heat flux, and possibly all
other scalar fluxes as well, should be
calculated for each subgrid element
separately to obtain the correct grid-
averaged flux. Another potential
advantage of the flux averaging
approach, adopted for the present



experiments with HIRLAM, is better
performance on terrain borders, such as
those between ice sheets and open sea
or on coasts, where there are drastic
differences horizontally in physical
properties between  the contrasting
surface types.

Validation of a surface scheme can be
made against standard network obser-
vations or special measurements of
physical processes. The NOPEX field
campaign (Halldin et al. 1995 and
Halldin et al. 2000) provides a unique
opportunity ~ to  perform model
validation by using the process
validation approach. During the field
campaign in 1994 and 1995, surface
flux measurements at fixed sites and
from low-level aircraft traverses,
mostly using the direct eddy-
correlation technique, were carried out
over the typical surface types of the
boreal landscape. In addition the
programme included vertical soundings
of air pressure, temperature, humidity
and wind.

In this study, a version of HIRLAM
with a high spatial grid resolution 5.5
km), using the ISBA surface scheme
(ISBA = Interaction Soil-Biosphere-
Atmosphere, Noilhan and Planton
1989) and a classification system for
subgrid surface types (Bringfelt 1996),
were applied in the -centext of the
NOPEX field programme. This
HIRLAM system was applied to an
area covering part of southern
Scandinavia and Finland and part of
the Baltic Sea. The necessary lateral
boundary data were extracted from the
relevant routine HIRLAM forecast
using a 22 km grid resolution and an
area covering northern Europe and part
of the Atlantic.

The main objective was to test the
adequacy of the surface classification
and parameterisation for resolving the
variation of surface fluxes between the
major surface types. Experiments with
this HIRLAM version were compared,
for 13 June 1994, with local point
measurements over a lake, over open
agricultural land and over forest and
along an aircraft flight traverse. The
measurements used in this study were
carried out at six fixed sites, three of
which were located on agricultural
fields, two in and above a coniferous
forest and one over a lake, see Figure
1. The NOPEX area, located in
Sweden N to W of Uppsala, is flat,
with forest dominating in the north-
western part, while there is more open
agricultural land in the south-east.
Figure 1 shows the spatial variation of
forest cover within the 5.5 km x 5.5 km

‘grid squares as deduced from the

physiographic database prepared for
this experiment. The geographical
location of the NOPEX area is
indicated.

During the day, magnitudes of surface
heat fluxes could be produced that
were comparable with measurements,
and the relative differences in fluxes
from the surface types could be well
resolved. Results indicated that explicit
parameterisation of the reflective,
aerodynamic and plant physiological
properties inherent to the major boreal
land surface types is of particular
importance for correct simulation of
the surface heat fluxes.

Both in-situ field measurements and
the HIRLAM simulation indicated that
the Bowen ratio (=H/LE where H is
sensible heat flux, LE is latent heat
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Figure 1. Coverage of forest according to the present physiographic data used in HIRLAM. Forest
coverages are expressed as areal fractions within each 5.5 km x 5.5 km grid area and shown here with
different degrees of shading. The locations of the field sites in the NOPEX experiment area (framed)
are marked as: NO: Norunda (forest), SI: Siggefora (forest), TI: Tisby (field), LO: Lovsta (field), MA:
Marsta (field), TA: Tdmnaren (lake). Lake Milaren is in the south.

flux, E is water vapour flux and L is
the latent heat of vaporization) over
forests was about twice as large as that
of adjacent agricultural fields, see
Figure 2. This difference could be
explained by the more effective
turbulent mixing and larger surface
resistance associated with the forest,
thus making the sensible heat flux
relatively large there.

The differences in heat fluxes between
the various surface types were also
demonstrated by  airborne  flux
measurements flown along a track at a
height of about 100 m above the
terrain, see Figure 3. The sensible and
latent heat fluxes for the aircraft flights
show variations which are in
corrorrelatin with the major type of
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underlying  land  surface  (low
vegetation, forest, lake): i.e. where
forests dominate, the sensible heat flux
is larger than over the smooth
agricultural land surfaces. For the
latent heat flux there is no detectable
contrast between agricultural and forest
surfaces. Over the lake the aircraft
measurements indicate realistically a
significant drop in both sensible and
latent heat fluxes. The HIRLAM-based
latent heat fluxes were on average of
the same order of magnitude along the
track as the fluxes based on aircraft
measurements, whereas the forecast
sensible heat flux was larger.. This
difference is due to the larger amount
of total energy available in HIRLAM
because HIRLAM predicted too much
clear skies whereas the measurements
were more influenced by cloudiness.
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Tisby - Tdmnaren on 13 June 1994 compared to whole-grid square surface fluxes forecast with
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Storage of sensible heat due to
warming of the boundary layer also
gives some contribution.

The use of initial soil moisture from a

routine hydrological model gave
improved agreement with measured
surface  fluxes and radiosonde

temperature and humidity profiles
compared to initializing from routine
HIRLAM surface data. For correct
estimation of the moisture content and
the height of the mixed PBL, it was
found necessary to make a realistic
estimation of the initial soil moisture
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rather than wusing predetermined
assumptions. Further tests should cover
extended periods over which the soil
moisture has varied between extreme
dry and wet conditions.

The straightforward flux-averaging
approach, using weighting according to
sub-grid area fractions, seemed to be
appropriate for obtaining representative
fluxes for the model grid square. A
prerequisite, however, is a detailed
classification of land use with realistic
partitioning  between  the  most
contrasting land surface types. The
increase in the horizontal grid



resolution of operational atmospheric
models has set new demands
particularly ~ for ~ more detailed
parameterisation of the land surface
processes as well as for more detailed
and explicit representation  of the
varying surface types. The present
experiment with HIRLAM was one
step forward in attempts to make
realistic account of the interaction
between the heterogeneous landscape
and the atmosphere. Overall, the
system of detailed surface classi-
fication and the ISBA scheme for
vegetation  and soil ~ processes
implemented here in HIRLAM using a
55 km grid resolution seemed
appropriate for the boreal land surface.
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What can we learn from LITFASS with regard to

the modelling of surface fluxes ?

F. Beyrich
Meteorologisches Observatorium Lindenberg - Deutscher Wetterdienst,
D-15864 Lindenberg, Germany

1. Introduction

The LITFASS-project of DWD (Miiller et
al., 1995) has been launched in 1995 with
the  background to intensify  the
experimental investigation of land surface -
atmosphere interaction and boundary layer
processes at DWD with direct respect to
the treatment of these processes in
numerical weather prediction (NWP)
models. LITFASS is an acronym and
stands for 'Lindenberg Inhomogeneous
Terrain - Fluxes between Atmosphere and
Surface: a Long-term Study'. The project
has been designed in order to develop and
to test a strategy for the determination and
parameterization of the area-averaged
turbulent fluxes of heat, momentum, and
water vapour over a heterogeneous surface.
These fluxes shall be representative for a
horizontal scale of about 10 km
corresponding to the size of a grid cell in
the present operational numerical weather
prediction model of the DWD.

LITFASS consists of three components:

- the development of a non-hydrostatic
micro-a-scale model with a grid-size of
100 m (the LITFASS Local Model -
LLM)

- experimental investigations of land
surface -  atmosphere exchange
processes and boundary layer structure
within a 20km x 20 km area around
the Meteorological Observatory
Lindenberg (MOL)

- operation of a data base (LITFASS
data base) as an interface between
measurement and modeling activities.
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The link between these three components
is illustrated in Figure 1. The LLM shall be
used to compute area-averaged fluxes
based on a detailed high-resolution
physico-geographical description of the
mode] area, a data assimilation strategy
taking into account the heterogeneity in the
meteorological forcing conditions (mainly
through the distribution of radiation-and
precipitation) and an advanced turbulence
parameterization scheme properly
considering the three-dimensionality of
turbulence and the form drag induced by
high vegetation or in built-up areas.

The measurements in the Lindenberg area
serve to provide the meteorological forcing
of the LLM at the lateral (profiles of wind,
temperature, and humidity) and lower
boundaries (radiation, precipitation), and
also to providle model validation
parameters (from the atmosphere and from
the soil) both at single points over typical
locally homogeneous types of surface and
regionally integrated values from suitable
experimental techniques or simple models
(similarity theory, budget considerations).

As can be seen from Figure 1 and from this
short description, the link between
experimental and modelling activities is
very strong and appears to be an imminent
part of the project. At present, the
LITFASS project is at the transition
between the preparation and
implementation phases. The overall project
strategy has been tested for the first time in
connection  with the LITFASS-98
experiment, which took place in the
Lindenberg area during May / June, 1998.



Figure 1
The general project strategy of LITFASS

The modelling activities connected with
the experiment are currently performed at
DWD. Instead of giving a comprehensive
overview on the LITFASS-98 experiment,
a few aspects concerning the link between
observation and simulation will be
discussed in some detail in the following
sections.

2. Surface heterogeneity

The LITFASS area is characterized by a
strong degree of surface heterogeneity with
agricultural fields and forests being the
dominating landuse classes (each covers
about 42 % of the area). The distribution of
different landuse types across the area is
quite irregular. More than 12,000 basic
landuse areas (patches) have been
identified in the 20*20 km’ area. About
half of these patches have a size smaller
than the LLLM grid resolution, and the
biggest area element covers about 3*3 km?.
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The typical patch scale lies in the range
between 10° to 10° m. Detailed datasets of
orography, landuse and soil types with a
100 m spatial resolution have been
produced to provide the description of the
lower model boundary for the LLM. For
the agricultural fields, the actual kind of
landuse has been updated every year since
1997. In addition to this basic information
(which remains constant over a time of at
least several months), a lot of soil and
vegetation parameters characterizing the
exchange processes at the land-atmosphere
interface have a pronounced seasonal or
even diurnal cycle, like soil moisture,
vegetation height, fractional vegetation
cover, leaf area index etc. Models often use
standard values taken from the literature
for these parameters and sometimes do not
distinguish between different types of
agricultural plants. In reality, e.g., the
fractional vegetation cover in June (during
the LITFASS-98 experiment) may vary
between less than 10 % (for maize) and



higher then 90 % (for rape). During the
LITFASS-98 experiment, an effort was
made to monitor some of these parameters
(soil moisture, vegetation height, LAI) on a
weekly basis for a number of

representative test sites, which turned out
to be a man-power intensive task. A
sample result from this activity is shown in
Figure 2.
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Figure 2

Vegetation height at different Triticale fields in the LITFASS area durin g the LITFASS-98

experiment

Figure 2 demonstrates that even for a given
crop type, vegetation parameters may
easily vary by a factor of two or more in a
given area. It is not yet clear, how relevant
local uncertainties in the soil and
vegetation parameters are for the
determination  of areally averaged
atmospheric quantities. Sensitivity studies
with a mesoscale model (e.g., the LLM)
are highly needed to answer this question
and modellers are requested to provide the
relevant limits of uncertainty concerning
both the necessary accuracy of single
parameters and the significance of scales.
This is also needed to decide on the future
efforts to be made for determining soil and
vegetation parameters.
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3. Fluxes over heterogeneous landscape

Flux determination is the central focus of
the LITFASS project. During LITFASS-
98, different measurement techniques have
been employed to derive flux values which
are representative for different spatial
scales and different types of surface. This
broad spectrum of sampling and footprint
scales covered by the different methods is
illustrated in Table 1.



Table 1 — Characteristics of the flux measurement systems
Method during Fluxes conti- |sampling Footprint
LITFASS-98 determined | nuous |scale scale
operated by operation
single leaf evaporation (LiCor) |PIK L.E no 107 m --
eddy correlation (sonic) MOL, GKSS, | M,H,LE | (yes) 10'm | 10'..10°m
KNMIL,U_DD
U_BT
profile measurements (mast) MOL M, H, LE (yes) 10' m 102..10° m
remote sensing systems MOL, U HH | M,H,LE | (yes) | 10'..10°m 10%.10*m
(wind profiler, sodar, lidar)
small-aperture scintillometer GKSS M,H (yes) 10°m 10'..10° m
large aperture scintillometer WAU H yes 10°m 10%.10°m
(bulk) mixed layer model NIMH H no 10°m 10°..10*m
slow aircraft (Helipod, DO128) | U_H, Aerodata | M, H,LE no 10*m 10°..10* m
fast aircraft (Falcon) DLR M, HLE | no 10°m | 10°..10°m
Short names stand for the following institutions:
Meteorologisches Observatorium Lindenberg (MOL), GKSS-Forschungszentrum Geesthacht (GKSS),
Koninklijk Nederlands Meteorologiisch Instituut De Bilt (KNMI), Landbouw-Universiteit Wageningen
(WAU), Potsdam-Institut fiir Klimafolgenforschung (PIK), Deutsches Zentrum fiir Luft- und Raumfahrt
Oberpfaffenhofen (DLR), National Institute for Meteorology and Hydrology Sofia (NIMH), Universitit
Dresden (U_DD), Universitit Hamburg (U_HH), Universitdt Hannover (U_H), Universitit Bayreuth (U_BT),
Fa. Aerodata Braunschweig (Aerodata)
Symbols for the fluxes are: M = momentum flux, H = sensible heat flux, l,E = latent heat flux

Analysis and interpretation of the flux different methods is shown in Figure 3.
measurements from the different systems is
still in progress. As a preliminary result,
the diurnal cycle of the heat flux for the
18™ of June, 1998, as derived from
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Diurnal cycle of heat flux in the LITFASS area for June 18, 1998
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The eddy correlation and profile based
fluxes over grass agree well in their
magnitude. The local measurements show
a tendency towards slightly higher values
over the barley field when compared to the
grassland site, even if the values are in the
same order of magnitude. A significantly
different diurnal behaviour and also
magnitude of the heat flux must be noticed
over the lake. The water was warmer than
the air over all the day resulting in an
upward heat flux which was strongest at
the Dbeginning of the night. This
comparison demonstrates the necessity to
cover the different typical land-use classes
in the study area with direct measurements
of the energy budget components in order
to assess their relative contribution to the
area-averaged flux. Therefore, a network
of  micrometeorological  stations s
currently = set into operation within
LITFASS and is planned to provide
operational data from the beginning of
BRIDGE, i.e., from January 2000. When
compared with the local fluxes, the
regionally representative heat flux values
from the large-aperture scintillometer and
from the mixing height method (supporting
each other in magnitude) tend to be
significantly higher than those measured
over low vegetation. This might be due to
higher sensible heat fluxes over the mainly
forested western parts of the LITFASS
area which find a reflection in the
integrating measurements. This difference
between local and regional flux values
illustrates the importance of defining
suitable  aggregation and averaging
algorithms for the comparison of measured
fluxes with fluxes computed in 3d-
mesoscale grid models.

4. Model forcing

The typical way to drive a mesoscale
model is the nesting in a larger-scale
(continental to global scale) model. The
LLM with a model domain of 20*20 km?
and a grid resolution of 100 m is at the
transition between the mesoscale and the
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microscale. First tests had been made to
drive the LLM with output fields from the
DM which currently has a grid resolution
of 14 km. It turned out that the difference
in the scales between DM and LLM was
too big to obtain reliable results (note that
the LLM model domain just covers one
DM grid box plus a lateral margin zone).
Small errors in the DM (phase errors,
erroneous fields) thus dominated the
complete output of the LLM. It was
therefore concluded that for the diagnostic
purposes of LITFASS, the LLM needs to
be driven by observations. This means to
provide forcing data at the surface and at
the lateral boundaries with corresponding
spatial and temporal resolution from
measurements as indicated in the upper left
part of Figure 1.

Different work packages have been derived
within LITFASS from this request. Forcing
from the surface requires a prescription of
the areal distribution of available energy
(radiation) and available water
(precipitation, soil moisture). Global
radiation and precipitation are therefore
measured at 10 and 20 sites, respectively,
in the LITFASS area. Interpolation
schemes are used to produce two-
dimensional fields from this point
measurements. Currently, investigations
are performed to use satellite data and
weather radar data, respectively, which are
adjusted to the data from the surface
observation networks in order to obtain a
more detailed areal description of these
forcing parameters. However, first case
studies -have shown, that small-scale
adjustment of weather radar data is still
problematic for situations with highly
variable convective precipitation.

To provide the necessary model input at
the lateral boundaries of the LLM, the
vertical profiles of wind, temperature and
humidity have to be given. This can be
achieved on the basis of the different direct
and remote vertical sounding systems
which are in operation at MOL (towers,
radiosonde, wind profiler / RASS, sodar /



RASS, microwave radiometer profiler -
during the LITFASS-98 experiment also
Raman ~ and differential absorption lidars
for water vapour profiling were employed).
However, non of these systems is able to
provide profiles over the full height range

requested and with a time resolution of -

about one hour. It is therefore necessary to

combine the data from the different

systems in a suitable way. A number of
problems does immediately show up when
thinking about the realisation of this task:

a) How to determine the most reliable
values of any parameter in those height
regions where data from different
systems are available but usually do
not show the same values ?

b) Is it possible to combine the
measurements done at the boundary
layer field site of MOL within the
lowest few hundreds of meters with the
profile measurements performed at the
observatory site - both sites are about 5
km away from each other and differ in
sea level altitude by 30to 40 m ?

¢) Is it possible and justified to put the
same vertical profiles at each of the
lateral model boundaries ?

d) What is the effect of providing hourly
profiles based on measurements with
different sounding systems when
compared to a linaer interpolation
between subsequent radiosonde ascents
on the model results ?

A special work package named

"Composite Profiling" has been defined in

order to answer these questions and to

develop reliable algorithms for the
provision of the necessary model input
data.

5. Long-term measurements vs. field
experiments

The LITFASS-98 experiment definitely
gave a comprehensive dataset which is
suitable to test several aspects of the
LITFASS project strategy and to develop
the algorithms for data analysis and
interpretation from both the measurement
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and the modelling component of the
project. However, although the weather
conditions during the experiment did vary
quite a lot, only a small spectrum of
weather situations typical for a midlatitude
site during summer could be covered. E.g.,
there was observed during the three-weeks
core period of the experiment not even one
single clear-sky day.

On the other side, the overall goal of
LITFASS is to contribute to the
development and validation of
parameterizations used in numerical
weather forecasting (and climate) models.
These paramterizations need to be
validated for a significant spectrum of
weather conditions during all seasons of
the year, and even a variety of extreme
events needs to be covered. This means
that continuous and comprehensive land
surface -  atmosphere  interaction
monitoring programs are necessary for the
purpose of model validation. Field
experiments are definitely well suited for
process studies (provided you are lucky to
meet the process you want to study), but
they can not replace the monitoring
programs.
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Parameterization of soil and surface processes
in SWECLIM

Michael Tjernstrém*
Stockholm University/SWECLIM

1. INTRODUCTION

SWECLIM is a national Swedish regional climate mo-
deling program, and its goal is to provide accurate, authori-
tative and timely estimates of the regional effects, in Swe-
den, of a globally changing climate. In particular, SWE-
CLIM should provide scenarios, data and tools that makes
it possible for users to assess their climate sensitivity, in
order to be able to adapt. This means that the data should
be made available to government and industry in a way that
they can use, and that the quality of the scenarios in addi-
tion to be high, must be quantified. SWECLIM is organiz-
ed with one climate modeling center, the Rossby Centre at
SMHI, and several university groups that participate with
basic research. One aim is to work across the traditional
boundaries between the climate-oriented disciplines; inte-
gration of meteorology, hydrology and oceanography is
strongly encouraged in the program.

The main agent in this work is dynamical downscaling;
results from a General Circulation Model (GCM) is used at
the lateral boundaries to drive a regional model. The regio-
nal model is essentially a HIRLAM-derivative. The climate
version (Rossby Centre regional Atmospheric climate
model, RCA), is based on the parallellized version of
HIRLAM v2.7 (Killén 1996), thus the starting point for the
model physics is that of the “old” operational HIRLAM
model, with some minor modifications (Rummukainen et
al. 1998). It is for practical reasons necessary to have a
model that runs on a parallel computer. Since climate mo-
deling, to some degree in contrast to weather prediction, is
essentially a boundary-value problem, and data assimila-
tion is impossible, the behavior of the physics package is
critical. Even small systematic errors will rapidly show up
in long integrations (here meaning years). This is naturally
a problem, but can also be utilized to benefit model devel-
opment. This sensitivity makes climate simulations ideal
for testing of new parameterizations. In the future, RCA
will be coupled to a fully three-dimensional ocean model
for the Botnic, Baltic and North Seas, which is currently
being completed.

The climate scenarios were here set up as 10 year time-
slice experiments. The RCA is driven for ten years by forc-
ing from a GCM in two different setups, one present clima-
te control run and a 2*CO, future climate run, representing
conditions around mid-twentyfirst century. Both GCM
results are portions taken from longer global simulations.

* Corresponding author address: Michael Tjernstrém, De-
partment of Meteorology, Stockholm University, S-106 91
Stockholm, Sweden. email: michaelt@misu.su.se
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2. THE FIRST SCENARIO (RCA0)

For the first scenario the Hadley Centre HadCM2 GCM
results were used at the lateral boundaries and nested down
to ~ 44 km in RCA. In the HIRLAM formulation for soil
temperature and humidity (“Force-Restore”) has two dyna-
mic layers and one relaxation layer that uses climatology in
weather prediction mode. Here, deep soil temperature and
humidity from HadCM2 was used as a climatological forc-
ing in the relaxation layer. Transfer of water in the soil
only occurs through a diffusion-like formulation, similar to
the heat flux formulation for temperature. Initially, some
problems concerning the treatment of lake and sea surfaces
had to be addressed. In northern Fennoscandia, the low-
level temperature and humidity climate is very sensitive to
how these-water surfaces are treated, in particular to the
timing and amount of ice in winter. This became clear
because HadCM2 does not resolve lakes, while RCA treats
lakes as surface fractions. The lakes then take on interpo-
lated sea-surface temperature (SST) from the climate
model as a surface temperature. In HadCM2, the Baltic Sea
are firstly to warm and secondly, ice never develops. Thus
an “ice proxy” was developed to allow ice formation to
influence the climate.

Although many aspects of the control climate in this
scenario are surprisingly accurate (Riisinen 1999), it was
immediately obvious that the way the lakes and the soil, in
particular the soil water, was treated needed an upgrade. It
was obvious that the HadCM2 SST, used also for lakes and
the Baltic Sea when ice is not present, was unrealistic for
this region and that the result is quite sensitive to this. The
relaxation of the soil water to the HadCM2 values also left
the water budget unclosed; i.e. net precipitation-evapora-
tion-runoff was large. Evaporation was somewhat unrealis-
tically low and it lacked the “observed” north-south gradi-
ent. The annual precipitation cycle was also less well de-
scribed; the precipitation was to uniformly distributed over
the year, although the annual average precipitation was
quite well modeled. Even comparing to local stations, the
precipitation appear quite reasonable.

2. THE SECOND SCENARIO (RCA1)

For the next scenario, the simulations were nested in two
steps: from the GCM to ~ 88 km, and then to ~ 22 km. For
the full two-step nesting, forcing was used from the
HadCM2. In addition one ~ 88 km scenario was run using
forcing from the Max-Planck institute (ECHAMA4/0OPYC3)
OAGCM. While the soil temperature/water scheme in RCA
was updated, all changes were kept such that the model
structure in the RCA/HIRLAM code could be maintained,



to facilitate a simple implementation. In summary, the
changes in the new scheme are:

o The relaxation of soil water to the GCM values was re-
moved. The corresponding temperature relaxation was,
however, kept unchanged.

¢ A simple but dynamic model for the lakes and for the
Baltic Seas, including ice, was implemented.

e Hydraulic and thermal diffusivities in the soil are made
dependent on soil texture and soil water.

e A realistic runoff formulation from the hydrological
HBV model is implemented. This allows the water from
precipitation and snow melt to flow down through the
soil, rather than be transferred by diffusion only.

» Evapotranspiration from plants during the growing
season is modeled with a stomatal resistance that is a
function of ”Leaf Area Index”, air temperature and soil
water stress.

e Evapotranspiration is modeled so that a fraction of the
actual evapotranspiration is taken from the deeper layer,
the root zone, and the rest from the upper layer, using
ISBA-features; this loosely describes the action of a
canopy.

» Soil freezing is introduced in the lower layer.

3 THE ANNUAL CYCLE

Figure 1 shows the simulated present-climate tempe-
ratures, reduced to sea level, and precipitation for the
Nordic region, compared to the Climate Research Unit
(CRU) data for the period 1961-90, for different versions,
resolutions and GCM forcing. It is immediately clear
from the temperatures shown here, that there is a signifi-
cant difference between the runs forced with HadCM2
and ECHAM4, where the latter appear much closer to
CRU. It seems clear that the RCA differences in tempera-
ture for the two scenario experiments are imported from
the GCM and that the HadCM2 has a cold bias for the
Nordic region, while the ECHAM4 model lies closer to -
CRU. Still, the RCA results are also closer to CRU than
the corresponding GCM results; in this respect, RCA
provides an improvement. However, there appears to be
very little difference in temperature that can be traced
back to the changes in the surface parameterization be-
tween RCAO and RCA1. There is a small but significant
difference between RCAO and RCA1, while driven by
HadCM2 at ~ 88 km during winter, where the latter is
closer to CRU. This could be due to the implementation
of the dynamic lake/ice model, providing a more realistic
surface temperature and ice climate in winter, but could
also be a result of soil freezing. The difference disap-
pears, however, when nesting RCAL1 into itself down to ~
22 km. The reason for this remains to be investigated in
detail.

The corresponding results for precipitation show a
more scattered picture. First, it is clear that all scenario
runs have a problem with the annual cycle, which is too
flat. Second, the annual mean seems to become larger
while the annual distribution improves, as the resolution
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is improved. Third, it appears that RCA provides (errone-
ously) larger annual precipitation but a better annual cy-
cle when forced by ECHAM4 than by HadCM2. It seems
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Figure 1. Annual variation of the monthly averaged two-

meter temperature and precipitation for present climate

(CRU, thick gray line) and simulation results, showing

RCAO (~ 44 km, thin dotted); RCA1 using HadCM2

forcing at ~ 88 km (thick dashed) and ~ 22 km (thin dot-

ted with markers); RCA1 using ECHAM4 forcing at ~ 88

km (thick solid).
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Figure 2. As Figure 1 but for evaporation, except that there
is no climate dataset - see the text for a discussion.
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Figure 3 Contour maps of two meter temperature for the different simulations and for present climate (CRU). Note that the
temperatures are not corrected for terrain height differences as a consequence of resolution differences.

clear that improving the spatial resolution improves the
annual cycle but also generates more precipitation and, by
comparing RCAQ at ~ 44 km with RCAl at ~ 88 km
(notably with differences in some parameterizations, but
not in those for precipitation and clouds), it seems that the
resolution has to be better than ~ 44 km to make any sig-
nificant difference.

A comparison between simulated evaporation and the
corresponding climate is precarious because of the lack of
good quality measurements. Climatological evaporation is
usually estimated as the residual between measured precipi-
tation and runoff. Accepting values based on such princi-
ples, RCAO has a too low evaporation, and furthermore
lacks the observed north-south gradient. The results in
RCAL is better in both respects. As there is notably a very
small difference between results forced with different
GCM, the changes must be due to the improved parame-
terization. It is only when increasing the resolution further
that the evaporation also increases more. This is presuma-
bly due to the more vigorous hydrological cycle: e.g. in-
creased precipitation,
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4. SPATIAL DISTRIBUTION

The contours of the two-meter annual average tempera-
ture, shown in Figure 3, illustrate the relative success of
these simulations. Comparing the patterns of the simulated
temperature to that in the CRU data, they appear quite si-
milar. Also, it again illustrates the differences between runs
driven by HadCM2 and ECHAM4. While the patterns in
CRU and RCAOQ are quite similar, RCAO is significantly
colder, by about 2 °C. Changing the surface parameteriza-
tion, as in RCA1-H at ~ 88 km, alters very little, except the
lesser details in the coarser run. Note, however, the differ-
ences in temperature over the Sea of Botnia, between
RCAOQ and RCAL, both driven by HadCM2. This is most
certainly an effect of simulating the SST, rather than taking
it from the driving model. This illustrate clearly the impor-
tance of a correct treatment of lake and sea surfaces for a
regional climate simulation. Increasing the resolution, as in
RCAI1-H at ~ 22 km, mostly adds geographical detail; cf.
e.g. the colder region in central southern Sweden. Simula-
tions using ECHAM4, on the other hand, are notably
warmer; compare for example the ~ 88 km results from



RCA1-H and RCA1-E. It seems clear that the RCA tem-
perature cannot deviate significantly from that in the GCM.
How much of this that is caused by forcing from the lateral
boundaries and how much that is due to the HIRLAM soil
scheme, where the GCM deep soil temperature is used to
force the climatological layer, is not clear.

Figure 4 shows contours of annual average precipitation
for the same runs as in Figure 3. It is clear that the regional
model is capable of realistically resolving the strong preci-
pitation gradient across the Scandinavian mountains. It also
shows the observed climatological maximum at the west
coast of Sweden. However, at ~ 44 km, the resolution is
still not quite sufficient to create the strong gradient that is
observed. Altering the surface parameterization (e.g.
RCA1-H at ~ 88 km) changes the precipitation only margi-
nally, compared to RCAQ at ~ 44 km, while also increasing
the resolution (RCA1-H at ~ 22 km) clearly adds the desir-
ed detail, see e.g. the shape of the maximum at south-
western Norway. On the other hand, this also increases the
total amount of precipitation almost everywhere. Simula-
tions using ECHAM4 at the boundary seems to generate
more precipitation than the corresponding HadCM2 ex-
periment. It must be remembered, however, that observa-
tions of precipitation, in particular in the Nordic climate

P, CRU at 44km

P, RCAO 44km

with significant amounts of snow and over sea, are diffi-
cult. Many other features thus remain uncorroborated. For
example, the run using ECHAM4 forcing appears to have a
much higher precipitation over the Baltic states.

Herein lies a fundamental problem in dynamical down-
scaling of precipitation; moist parameterizations in GCMs
are tuned to provide a reasonably accurate annual average
precipitation but fail, presumably due to poor resolution of
the orography, to provide neither spatial detail nor a correct
annual cycle. When such fields are fed into a relatively
coarse resolution regional model (e.g. RCAO) at the lateral
boundaries, only slight improvements occur on average,
while there is a substantial, but for hydrological purposes
insufficient, improvement in spatial distribution. Improving
the resolution in the regional model further - beyond ~ 40
km seems to be a critical stage in these results - improves
the annual cycle, but also increases the annual precipitation
to larger values than what is observed and simulated in the
driving GCM. At the heart of this problem lies the tuning
of the moist parameterizations in the GCM. Due to the
poorly resolved orography, it has to be tuned, in order to
predict a realistic annual average precipitation, however,
that tuning is not optimal for the regional model, where the
orography is represented better.

P, RCA—H 22km

Figure 4. The same as Figure 3. but for precipitation.
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E, RCAO 44km

E, RCA—H 22km

Figure 5. Same as Figure 3, but for evaporation. Note that there is CRU dataset for evaporation,

It appears that one has the choice of either having a too
large annual precipitation in the regional model (using si-
milar schemes in the inner and outer models) or of having
boundary relaxation problems (retuning the parameteriza-
tion in the inner model to provide better results) thus
making the models incompatible at the boundaries. The
solution to this problem remains unclear, but must surely
be at the focus in regional modeling studies in the years to
come.

Reliable estimates of evaporation are difficult to ob-
tain, other than for shorter periods at specific locations
during field experiments. However, judging from estimat-
es based on the residual of measured precipitation and run-
off, the RCAO results are to low and lack the observed
north-south gradient. Although somewhat patchy, the eva-
poration here is ~ 300 mm annually over much of Sweden.
The new surface scheme (in RCA1) improves both these
problems and the results, already at ~ 88 km resolution
while using HadCM?2 forcing, appears more realistic. In-
creasing the resolution adds detail but changes the magni-
tudes only marginally.

One significant difference between RCO and RCA1 is
found. over the Botnic sea. Here the evaporation drops
from over 400 mm in RCAO to less than 250 mm in
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RCAL. This is a clear effect of adding a more realistic
dynamic lake/sea model providing a better SST and a
more realistic ice cover. The differences between forcing
from HadCM2 and ECHAMA4 are small. The structures are
very similar, except for over the Baltic states, where the
evaporation is somewhat higher in the latter simulation,
presumably due to the increased precipitation (se above).

5. CONCLUSIONS

Starting from very minor changes to the HIRLAM v2.7
physics, the first SWECLIM 10-year time-slice regional
climate dynamical downscaling experiments were per-
formed in 1998. These runs were forced at the lateral
boundary by GCM results from HadCM?2. The results were
quite encouraging, although it was immediately clear that
some model features needed immediate attention. In a
second experiment during 1999, a double nesting tech-
nique was developed that allowed climate simulations
down to a nominal resolution of ~ 22 km. This is a neces-
sary resolution for meaningful hydrological scenarios.

In the first scenario, several deficiencies in the surface
parameterization were noticed. It appeared clear that an
explicit treatment of lake and sea surfaces was necessary.
In particular the timing of the ice is very important. Also,



the use of deep soil water content from the GCM to force
the RCA deepest climatological layer resulted in a severe
loss of water from the model, while the evaporation was
too small and lacked north-south gradient. All the runoff
appeared from the top soil layer, since soil water was only
allowed to penetrate the soil through diffusion. Vegetation
was in the old scheme only represented by a change in
surface roughness and albedo. When the routines for these
processes were updated in combination with explicit
modeling of the lake and sea surfaces, in simulations with
higher resolution, many results were improved. In particu-
lar worth noticing is that several of the new features in the
model were introduced across traditional discipline
boundaries. For example, the lake/sea model is a simpli-
fied slab or column oceanographic model that was directly
coupled dynamically to the RCA, and the new soil water
treatment was taken more or less directly from the hydro-
logical HBV-model.

RCA improves the regional climate description over
using interpolated values directly from the forcing GCM.
This is particularly true for temperature, also for precipi-
tation and less certain (in a statistical sense) for other vari-
ables, e.g. cloud cover and wind speed. Without this fea-
ture, this exercise would have been quite pointless. The
results indicate that with the present model setup, the low-
level temperature is forced strongly by the GCM, so that
the temperature results were significantly different using
HadCM2 or ECHAM4. Precipitation is also somewhat
sensitive to which GCM forcing that is used, but signifi-
cantly less so than for the temperature. Instead, the critical
feature for precipitation is the model resolution. Practical-
ly all GCMs suffer from a poorly described annual cycle.
This is true also for RCA at coarse resolution. However, as
resolution is improved, not only does RCA provide very
realistic horizontal gradients, but the proper annual cycle
also starts to appear at resolutions better than ~ 40 km.
Unfortunately, this happens at the expense of the average
annual precipitation, which becomes to large as the hydro-
logical cycle becomes more vigorous. The evaporation, on
the other hand, seems to be controlled mostly by the
choice of surface parameterization. The runoff estimates
(not shown) were also improved by implementing some
HBY properties directly in to the soil water routines. Pro-
viding a coupled dynamical model for the lake and sea
surfaces is also critical, in particular on the Botnic Bay
and Sea. Here a realistic description of the ice cover is cri-
tical, and the regional climate is presumably very sen-
sitive. It is expected that this feature is very important in
the climate-change simulations, as the ice cover here
might change drastically in a warmer climate.

" Tt is also suggested that the use of climate simulations
is very efficient for developing new parameterizations.
Systematic errors, that can easily be hidden by the data as-
similation in weather prediction mode, appear clearly in a
climate simulation over several years. It is also clear, how-
ever, that much caution is needed here. This is partly due
to the fact that some of the processes are more sensitive to
resolution, other to the climate that is imported from the
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GCM and others still to the actual physical description.
The practice of interfacing new schemes from other mod-
els is thus advised against, since one looses control over
the sensitive balance between different processes, which
can be retained while developing all routines in the same
model framework.

New schemes should ideally be built on a process ba-
sis, comparing the parameters of the scheme against meas-
urements of the same parameter. Evaluating e.g. a new
turbulence scheme, using forecast scores of surface pressu-
re or two-meter temperature runs a serious risk of obscur-
ing the actual results, since these variables are the result of
a multitude of processes in addition to the turbulence
scheme itself. Feedback between processes cannot be ig-
nored.

A particular problem that has to be addressed in the
future is that of running downscaling experiments using
driving models with different physics than in the regional
model. It is illustrated here, that for example moist physics
in a GCM is tuned to provide accurate annual average pre-
cipitation, while annual cycle and spatial distribution is
sacrificed. Adding horizontal resolution in the regional
model alleviates this at the cost of overestimating annual
precipitation. Thus smooth fields over the boundary relax-
ation zone can sometimes not be combined with an accu-
rate behavior within the regional model. The ability of the
regional model to improve the regional climate over that
of the GCM should always lie at the heart of the problem.
No other criteria can, in the long run, motivate this ap-
proach.
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Although hydrologists and meteorologists
have a common interest in developing
better routines for surface parameterisation
there is still a long way to go before
harmony is reached between the hydrology
in climate models and hydrological models.
Within BALTEX, and in particular in
NEWBALTIC II, we are trying to unite the
meteorological and hydrological model
traditions and come out with a synthesis in
the end. This is also one of the present tasks
of the Swedish programme for regional
climate modelling, SWECLIM. Experience
has shown that the macro-scale runoff
modelling problem, on the Baltic basin
scale, can be solved rather pragmatically
with existing conceptual hydrological
models. More advanced models are,
however, needed to bridge the scientific
gap between meteorology and hydrology.
This development process requires an
intensified use of field data for the internal
validation of the individual components of
land parameterisation schemes in order,
among others, to overcome the problems
related to compensating errors. The models
must also be capable of addressing sub-grid
or sub-basin variability in a heterogeneous
landscape in a realistic, but still practical
manner. Finally it is of utmost importance
to pay attention to the complexity chain in
this modelling process.

Meteorological and hydrological surface
parameterisations

The most important difference between
meteorological and hydrological
approaches is that the meteorological
models primarily focus on the energy
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exchange at the land surface, while the
water balance, and often just river runoff
are the basic goals of hydrological
modelling. The time resolution is another
difference. Hydrologists normally work
with a resolution of 24 hours or hours,
while the solution of the energy balance of
meteorological models requires higher
resolutions.

In hydrology relatively simple conceptual
models, with empirically derived functions
for water fluxes, is the most commonly
used approach, while theoretically derived
equations for vertical fluxes of water and
energy is the tradition in meteorological
modelling. A large difference between the
hydrological and meteorological problem is
the  strong  non-linearity in  the
meteorological approach, since the energy
exchange at the surface has strong feed-
backs into the atmosphere. As a result of
the conceptual hydrological modelling
approach, validation is a logical step after
calibration of the model parameters.
Validation of the energy exchange in the
meteorological models is more complex,
since the turbulent fluxes are difficult to
measure, and have large sub-grid
variations. The hydrological models focus
on the catchment and descriptions of the
horizontal variability within a catchment,
while the meteorological models are based
on grid squares with treatment of sub-grid
processes by empirical relationships. The
fact that meteorology uses the grid-square
as primary unit, while hydrology uses the
catchment is, however, of little
significance. The reason for using
catchments in hydrology is simply ease of
model application and validation. The



approach to physical description of the
system should be the same, no matter
whether the area is a square or whatever
irregular shape. Fig.l. illustrates typical
differences in  meteorological  and
hydrological model thinking. The latter,
represented by the Swedish HBV model
(Bergstrom, 1995), is illustrated in more
detail in Fig. 2., where the following basic
features can be identified.
e The basin is divided into sub-basins if its
complexity so requires.
e Major lakes are modelled explicitly,
while smaller lakes are integrated in the
saturated zone of the model.

Each sub-basin is divided into elevation
Zones.

Each elevation zone is divided into open
land and forests.

Snow accumulation can be distributed
statistically in each elevation zone (this
option is normally used above the
timberline).

Water is stored as snow, capillary water
in the snow, soil moisture, groundwater
(saturated zone) and in lakes.

Generated runoff from the saturated
zone is routed through the lakes and the
river system.

(Interception)

(~ )

Soil moisture

-

(~ 3

hydrological approach

Groundwater
L B I Lakes »

Runoff

Relaxation

Soil moisture 3
(climate)

—
\ Runoff?

meteorological approach

Fig. 1. Schematic illustration of typical hydrological and meteorological approaches to

surface parameterisation.
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Fig 2. Schematic presentation of the HBV model structure for one sub-basin, three
elevation zones, two land classes and one major lake at the outlet. Note the
statistical distribution of snow above the timberline at the highest elevations.

The soil moisture routine of the HBV
model was introduced as early as in 1972. It
is based on a variable parameter approach,
which has been showed to be a very robust
and relatively scale independent means of
modelling soil moisture dynamics under
heterogeneous conditions. The starting
point is the simple and traditional bucket
theory, which assumes that no vertical
drainage occurs in the soil until its field
capacity is reached. The novelty was that
the wvariability in soil conditions is
considered. This variability is a joint result
of variable antecedent rainfall and
snowmelt conditions, as well as variable
geological conditions. The result is a much
less rigid relationship between soil moisture
status and runoff generation, than is
possible to obtain with the bucket theory. In
fact, this work has proved that the bucket
theory is inadequate.

The wvariable parameter approach was
introduced into climate modelling by
Diimenil and Todini (1992). Just recently
has the HIRLAM scheme of the regional
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climate model at the Rossby Centre been
modified to account for this effect. So we
have examples of unification of
hydrological and meteorological
approaches. In this case it was possible, as
the scheme is insensitive to the shape of the
unit area. It doesn’t matter whether it is a
grid-square or shaped as a sub-basin.

While it seems relatively straightforward to
combine the modelling schools in soil-
moisture parameterisations it is a bit more
difficult when it comes to snow. Even
though the hydrological snow models, with
their degree-day tradition, often are
described as simple in contrast to the more
sophisticated physically based schemes of
the meteorological schemes a closer look at
Fig. 2 may support the opposite opinion.
The elevation zoning and lapse rates, which
have become hydrological standard, are
very difficult to transfer to climate models
without an unacceptable increase in
complexity and computer time
requirements. Add to this variable
vegetation  cover,  statistical  snow



distribution used to illustrate snow-drifts,
water—holding capacity of snow and the
hydrological models suddenly turns out to
be very comprehensive! We have to realise
that a proper parameterisation of snow has
to cope with the fact that we simultaneously
may have three seasons in a mountainous
grid cell, namely winter, spring and
suminer.

The conclusion from unification work on
snow modelling, just initiated at the Rossby
Centre, is that it is difficult to reach the
degree of sophistication of hydrological
models when it comes to the areal

Compromises are needed to maintain a
reasonable complexity in the climate
model. One simplification which is studied
is to relate the snow covered fraction of a
basin to the amount of remaining snow
rather than to the snow amount itself. In
this way a clearer relation is achieved and
the same relation can be used in different
basins (Fig. 3). The need for distribution
into elevation zones and the statistical snow
distribution within a grid square is partly
overcome by this approach. A similar
treatment of snow accumulation as a
function of the different temperatures at
different altitudes in a grid square is also

discretisation = of  snow  processes. being tested.
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Snow-covered firaction of the Kultsjon and Blankastrom basins (in northern and

southern Sweden respectively) versus snow amount. Left: versus current snow
pack, right: versus the current snowpack as a fraction of the maximum snow
pack so far during the winter season. Analysis of results by the HBV model.
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Is there a scale problem?

The HBV model has been applied under a
great variability of physiographic settings
and at a wide range of scales. It seems like
its parameterisation is fairly robust, as it
has been possible to calibrate the basic
model without any great changes of its
structure. Lately the model was applied to
the entire catchment of the Baltic Sea
(Bergstrom and Graham, 1998; Graham,
1999). This work was carried out within the
NEWBALTIC project and was initiated,
not without scientific hesitation and
criticism. Is it possible to model such a
large basin and is it meaningful?
Retrospectively we can see that it was
possible and had a meaning. The work gave
us opportunities for more in-depth
comparisons between hydrological and
meteorological approaches as we now had a
scale at which we could meet. The results
show that the two approaches differ a lot
and that the risk for compensating errors in
land  parameterisations has to be

Met. input

Interception

Evapotransp.

Groundwater

considered seriously (Graham et al., 1998).

The work further provided us with a near
real time model for simulation of river
runoff to the Baltic Sea, which is very
useful for oceanographers, now as river
runoff data are becoming less available in
the area.

Pay attention to the complexity chain
when marrying models!

Another fundamental conclusion, which
can be drawn from the integration work
between hydrology and meteorology is that
we have to pay more attention to the
complexity chain in modelling. This means
that fully physically based distributed
model components successively can be
aggregated into statistically distributed
descriptions and lumped approaches, but it
is very difficult to go the other way around.
This process is shown schematically in Fig.
4, which illustrates how this chain looks at

Fig 4. The complexity chain as identified in the HBV model, which is typical for many

hydrological models.
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present in the HBV model. It reveals that
there is a tendency to go from higher to
lower degrees of sophistication although
some inconsistencies can be identified. We
should disregard routing in lakes and rivers
as this is based on local additional
information and therefore a shift towards
more physical methods can be justified.
When we start mixing modelling
components, there is an obvious risk that
we run into interface problems if the
principles for model distribution are in
disharmony.

Conclusions

There is a common interest among climate
modellers and hydrologists in better surface
parameterisations. This is a key subject for
the BALTEX research programme and
other continental scale experiments within
GEWEX. It is also in focus within the
Swedish research programme for regional
climate modelling, SWECLIM.

Attempts to unite the hydrological and
meteorological modelling traditions are
under way and some encouraging results
have been reported as concerns the
variability parameter approach in soil
moisture parameterisation. It seems like the
unification of the snow parameterisation is
more difficult. It is not easy to transfer the
hydrological  tradition = of  detailed
description of snow in the landscape to
climate models, without great
simplifications. Such work is in progress.

One common problem in all modelling is
the risk for compensating errors. This might
block further development, as improvement
in one process description falsely may be
interpreted as a failure, if we do not get rid
of a compensating error simultaneously. To
cope with this problem we have to pay
more attention to internal process validation
in our models in the future. The application
of a hydrological model to a continental
scale basin has also a great potential in this
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respect as it offers opportunities to review
how the physical processes are modelled
and behave.

Finally the concept of a complexity chain
helps avoiding inconsistency traps in
unified modelling. This means that the
degree of discrimination should be logical
and normally follow a declining scale
through the modelling process. If we do not
pay attention to the complexity chain we
may develop a monster and not a model!
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1. Introduction

Runoff is an important component in the regional
hydrological cycle of the Baltic Sea catchment
area. Calculations with the ECHAM4 climate
model indicate that 40% of annual precipitation
falling on land surface enters the Baltic Sea as
runoff (Bengtsson, 1998).

The intensity of land surface runoff and its phas-
ing in time and place are relevant for electric
power planning, forecasts of flooding events and
fresh water inflow. Therefore, an accurate simu-
lation of runoff is of importance. Since weather
phenomena are major precursors for land sur-
face runoff, embedding the process of runoff in
climate and weather models has gained interest
in the last decade. Simulation of runoff in large
scale meteorological models is carried out using
several different approaches.

In one approach, the soil column is divided in a
set of discrete, vertically stacked layers. Runoff
occurs when the infiltration rate as a result of
precipitation and snowmelt exceeds the capacity
of the (shallow) top soil layer, or by the process of
leakage of water from the bottom soil layer. In
this approach, surface runoff only occurs when
the complete top layer is (nearly) saturated with
water. The latess ECMWF land surface scheme
(Viterbo and Beljaars, 1995) uses this approach.

Alternatively, Diimenil and Todini (1992) appre-
ciate the horizontal variability of soil saturation
on a spatial scale comparable to a climate model
gridbox. A portion a of the gridbox is assuthed to
be fully saturated, and produces runoff when ad-
ditional infiltration occurs. a depends on the rel-
ative saturation of the total soil column, and the
variability of the land surface orography, yield-
ing more runoff in steep terrain. In addition to
this surface runoff, a similar deep water leakage
is included as mentioned above. This scheme is
implemented in the ECHAM4 climate model.
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Quite different is the approach in a distributed
hydrological model, such as HBV (Lindstrom et
al. (1997). In HBV, detailed information about
the orography, soil moisture storage capacity and
soil physical parameters is combined with an ex-
ternal forcing of rain- and snowfall and evapo-
ration in order to simulate the catchment runoff.
Calibration on river flow data is usually
performed. A detailed version of HBV for the
Baltic Sea catchment is constructed (Graham,
1999).

In this study, we use simulations of HBV, and
the surface schemes of ECMWF and ECHAM4
in order to evaluate the characteristics and skill
of these schemes in terms of runoff. The study
focusses on daily totals for the whole Baltic Sea.
catchment in a single growing season March - Oc-
tober 1995. We will use HBV as ”verification ma-
terial”, since it is calibrated to the specific area
and forced with observed rain- and snowfall. The
two surface schemes are embedded in a common
regional climate model called RACMO (Chris-
tensen et al., 1996), situated over the Baltic area
at 1/6° grid resolution. Atmospheric fields in
RACMO are initialized using ECMWF opera-
tional analyses, and also lateral boundaries are
taken from ECMWF.

2. Scheme characteristics

In the ECMWTF surface scheme, soil characteris-
tics are similar everywhere. Deep water runoff is
a function of the relative saturation in the lowest
model layer. When initialized at field capacity
(set at 0.353 m?/m?®), the runoff will result in a
cumulative water loss of about 40 mm after 10
days. As the water level decreases, runoff de-
creases.

In the ECHAM scheme, the soil depth is variable
over the domain. The average depth in the Baltic
catchment is 0.30m. When soil moisture is ini-
tialized at full saturation for a 0.3 m deep layer,
cumulative water loss due to runoff will be ap-



proximately 15 mm after 10 days; initialization
at field capacity (defined as 75% of saturation)
will result in a water loss of only 0.2 mm. Deep
water runoff is thus a steep function of relative
water content. Surface runoff is related to the
infiltration rate and the subgrid-variability, and
in practice dominates the runoff process for all
non-flat areas.

3. Simulated runoff

Figure 1 shows the results of average runoff (ex-
pressed in mm/day) in the Baltic Sea catchment
as calculated by HBV, RACMO with the lay-
ered ECMWF land surface scheme, and two ver-
sions of RACMO with the variable infiltration
ECHAM4 land surface scheme. The latter two
version differ in the amount of soil water used to
initialize the simulations.

The first ECHAM4 simulation was started with
soil water initialized at field capacity (75% of
full saturation). The runoff calculated for March
1995 appeared to be very low (see figure), as a re-
sult of the steep decrease of runoff with decreas-
ing water content. To increase the runoff to val-
ues comparable to HBV and ECMWF, the sim-
ulation was cancelled and a new run was started
with initial soil water at saturation. Also shown
are simulations carried out with RACMO and
the ECMWF surface scheme for the so-called
PIDCAP simulation between 1 August and 31
October 1995 (Bengtsson, 1998), in which soil
moisture initialization appeared a sensitive and
uncertain issue.

From this figure the following can be deduced:

o The ECMWF model shows a runoff curve
which is much smoother than the results
predicted by the HBV-scheme. Surface run-
off, occuring after heavy precipitation or
snow melt events, is never simulated in the
ECMWF-scheme. This is a result of the re-
quirement that a complete 7 ¢m slab over
the full grid box must be saturated with
water before surface runoff can occur, which
never happens. Moreover, the ECMWF
curve shows a general delay of the major
runoff events compared to the HBV-output.
This is a result of the fact that water leak-
ing out of the soil reservoir has to travel
through a deep soil layer before stored leav-
ing the soil as runoff.
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e The ECHAM4 scheme initialized at satura-
tion follows the peaks in the HBV-output
reasonably. The extremes are higher than
in the HBV-simulation, and as a result, the
dry-down period is likely to be reached a
bit earlier.

4. Cumulative budgets

A comparison between the cumulative hydrolog-
ical budget terms is shown in figures 2a-2c for
each of the HBV, ECMWF and ECHAM4 runs.
For HBV only runoff and precipitation are avail-
able at this moment.

Although not large, some noticeable differences
between the schemes can be concluded from this
figure:

e The precipitation in the HBV run is some
10 % lower than either of the two RACMO
runs. This is due to the use of uncorrected
raingauges as input to HBV.

e The ECMWF runoff is 35 mm larger than
the ECHAMA4 runoff, in spite of the lack of
surface runoff. This is a result of the choice
of the hydraulic conductivity in the model.
The HBV-runoff, accumulated until 1 Nov
1995, is 8 mm higher than ECHAMA4.

e Owing to the increased runoff, the ECMWF
scheme produces 69 mm less evaporation
and 57 mm less precipitation. A positive
feedback is present here, since the reduc-

tion in evaporation exceeds the increase in
runoff, comparing ECMWF to ECHAMA4.

5. Timescales ,

As shown in figure 1, the two RACMO schemes
have a different runoff time scale. In ECHAM4,
surface runoff with short timescales seems domi-
nant, while in the ECMWTF scheme, runoff is fil-
tered as the water passes through a slab of soil.
Moreover, in the season under study runoff is af-
fected by a combination of snow melt and pre-
cipitation. Snow accumulation forms a delay of
runoff after precipitation events.

In the current section we explore the timescales
in the HBV-record and the RACMO simulations,
by calculating the instantaneous and lagged cor-
relation coefficient between simulated runoff and



a given forcing. The lagged correlation coefficient
rr,r(L) is defined as

(1)

where F is the forcing, R is runoff and L is the
delay in days relative to initial time ¢.

rr,r(L) = TF@),R(t+1)

Figure 3 shows lagged correlation coefficients de-
rived from the HBV, ECHAM and ECMWF re-
sults. Shown are correlations of runoff to total
precipitation, liquid precipitation, snow melt and
snow fall. Liquid precipitation is the total precip-
itation minus snowfall. It was not (yet) available
from the HBV-simulation, but instead it was cal-
culated using the relative snow precipitation de-
rived from the RACMO-ECHAM4 simulation.

From the HBV-plot, the correlation for each of
the forcings is highest when no time lag is used.
Only for snow fall a small secondary maximum
seems present at a lag of 20 days, related to the
time between snow fall and snow melt. Surpris-
ingly, the correlation with liquid precipitation is
lower than the total precipitation, and becomes
negative. This is a result of the dominant signal
of the snow melt. In figure 4 the lagged corre-
lations are shown for the months June-October,
where snow is largely absent.

The correlation signature of the ECHAM4
scheme resembles the HBV output rather well:
a dominant peak related to snow melt at no lag,
a secondary maximum of snow fall after 20 - 25
days, and smaller (and negative) correlations to
total and liquid precipitation.

The ECMWF picture, on the other hand, looks
very different. Here the snow melt is again the
dominant process, but a clear filtered lag of ap-
proximately 10 days is seen. The correlation to
snow fall increases monotonically, and also no
(unlagged) correlation with precipitation is visi-
ble.

From this figure we can conclude that on a sea-
sonal timescale snow melt and snowfall processes
dominate the runoff spectrum, and that this oc-
curs via a fast responding surface runoff process.

In the snow-free months (figure 4) it is shown
that also the correlation between precipitation
and runoff is optimal when no timelag is applied.
From the HBV-simulations the fall of the ini-
tial slope is slightly steeper than in the ECHAM
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simulation, but the qualitative correspondence is
clear. The ECMWF scheme does not show this
fast response to precipitation at all, for reasons
discussed before.

6. Conclusions
This study reveals that:

e The runoff produced by the ECMWF
scheme has no surface component, and is
therefore much smoother and delayed com-
pared to the ECHAM4 and HBV-simula-
tions

e In spite of the absence of surface runoff,
the ECMWF scheme produces a bit more
runoff than the HBV and ECHAM4 models
do. This leads to a decrease in land surface
evaporation and a decrease in precipitation
over land. The decrease in evaporation ex-
ceeds the increase in runoff, indicating a
positive feedback.

e The ECHAM4 scheme has a spectral sig-
nature which compares quite well to the
HBV-simulations. The initialization obvi-
ously forms a sensitive issue.

e On a catchment scale, fast processes (re-
lated to surface runoff) dominate the runoff
characteristics. This is the case for both
snow melt and (liquid) precipitation.
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Figure 1: Total runoff simulated by the HBV-model, RACMO with the ECMWF surface scheme (labeled ”ecmw{”),
RACMO with the ECHAM4 surface scheme (labeled "echam4”), and anoter ECHAM4 simulation initialized at

75% of soil saturation, assumed to be field capacity (labeled ”echam4 fc”). Also shown are ecmwif-results carried
out in the so-called PIDCAP model intercomparison (see text).

72



soil water budget HBV

12

600 T T ; 7 T
BRI et : : :
runoff «--st-.
400
200
£
£ o]
-200
-400
600 I ; i
o2 03 04 05 06 07 08 09 10 11 12
date (1995)
soil water budget ECHAM run
600 — T v T v T
DFRGIR - !
evap -~
unoif -
diws)
400
i
i 200 e
E
£ o]
-200 D PO St
~-400
-600 i N i
o2 03 04 05 06 o7 08 09 10 11
date (1995)
| soil budget ECMWF run
600
P it
runoft /wﬂ"“""/ﬂ
d{ws)
400 B S I tT O, T
200
E )
~200
-400
-600 ' : i i i
02 03 04 05 06 07 o8 09 10 11

date (1995)

Figure 2: Hydrological budgets of simulations with HBV, ECHAM4 and ECMWEF.
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Figure 3: Lagged correlation coefficients between runoff and total precipitation, liquid precipitation, snow fall and
snow melt derived from simulations with HBV, ECHAM4 and ECMWF.
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June - October.

75




Shaping of the basic climatic and hydrologic parameters on the Polish

Lowland on the basis of the Warta River basin

Prof. dr hab. inz. Piotr Kowalczak

Institute of Meteorology and Water Management

Poznan Branch

The Warta River (A=54528,7 km’) is
the main tributary of the Odra River.
The hydrological and climatic ratio in the river
basin of Warta is typical for the Polish
Lowland and is characterised — especially in
case of hydrology — by a great area and time
variability. The region is predominated by
agriculture, although there are two big industry
centres which have a great influence on
the shaping of water resources in the river
basin (lignite mines in Belchatéw and Konin).
The river flows through big urban areas
(Poznan, Gorzéw, Konin).

The river source is located in
the upland region. The northern tributaries of
the Warta River (Gwda and Drawa) also flow
from the upland regions. The rest of the river
basin is located in the lowland.

The climate of the Warta River basin
has features of the transitory climate typical for
Poland. Since the analysed area is mainly
located in the west part of the county, it is
characterised by the great participation of
the oceanic  features: lower temperature

amplitudes, early spring and summer,

76

relatively short winter. Because of the great
meridional and parallel expansion as one
moves to the north and north-west borders of
the analysed region, one finds greater influence
of the sea features being the effect of
the influence of the Baltic Sea (greater cloud
cover, cooler summer). However, as one
moves to the east borders of the basin one
finds more influence of the continental features
(longer and colder winter), whereas in
the south-east part of the region one finds
greater influence of the upland area (greater
precipitation and diversification of the climate
conditions depending on the height and
exposure).

Selected climatic parameters are

presented in Fig. 1 and Fig. 2.




Averags annual procipitation cate i the Wasta River basin {1931-60),

Fig. 1. Average annual precipitation rate in
the Warta River basin (193 1-60)

Averagy anauel area evapontion in the Warta River bastn (183460,

+ ftown

N/ fiver

evaporation (in mm)
500

Fig. 2. Average annual area evaporation in
the Warta River basin (1931-60).

The annual activity of the cyclone
~systems is the cause of the precipitation
throughout the year. However, in the summer,
when clouds are thicker and more watery,
the precipitation is greater which is typical for
the continental regions. The precipitation is
also much dependant on the upheaval of
the given region over the sea level. High sums
of the annual precipitation — over 600 mm -
appear in the central part of the Pomorskie
Lakeland.

the predominating influence of the west winds.

These areas are open to

The central part of the river basin is located in
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the ‘precipitation shade’ and has smaller
precipitation rate (below 550 mm). In
the Poznan, Gniezno, and Kujawy Lakeland
the totals precipitation are about 470 — 480
mm. These are the lowest average annual totals
atmospheric precipitation in Poland. Moving to
the south, these rates gradually get higher
together with the greater influence of
orography, so that in the region of the Cracow-
Czgstochowa Upland the precipitation rates are
above 650 mm.

The winter precipitation, despite
the great frequency (14-19 days a month), is
much less efficient than the less frequent but
more  abundant  summer  precipitation
(10-16 days). The atmospheric precipitation is
one of the most variable elements of climate.
Sometimes monthly totals of precipitation can
be even close to 0 mm in the central part of
theriver basin. However, in the summer
the monthly precipitation can exceed 200 mm,
especially in the northern and southern parts of
the Warta basin. The highest twenty-four hours
precipitation in the summer, especially in the
Kujawy Lakeland, can exceed 100 mm. At
the same time however, there exist rather
inconvenient for  agriculture atmospheric
droughts connected with the existence of long
(sometimes several weeks) periods without
rain at all.

In the region of the Warta River basin
part of the precipitation appears in the form of
snow. This phenomenon appears from October
till May, with the maximum frequency from
December till February. The average annual
number of days with snowfall in the analysed

region has been calculated to less than 30 days




in the central-west part of the region, and over
40 days in the north and south part of
the region.

Similar  spatial  distribution  has
the average annual number of days with snow
cover. It rates from less than 40 days in
the central-west part to over 60 days in
the south-east, and over 70 days in the north-
east part. The greatest thickness of the snow
cover is noted on the second half of the winter
— in February it can exceed 30 cm. The average
maximum annual water supply in the snow
cover contains from below 30 mm locally and
in the central and south-west part of the basin,
to over 50 mm in the region of the Cracow-
Czestochowa Upland.

The average annual area evaporation,
calculated as the difference between
the precipitation and the runoff, has been
estimated in the area of The Warta River basin
from below 400 mm in the west part, to over
450 mm in the central-south and south part.
The average annual potential evaporation
during the vegetation period from April to
October totals from below 650 mm in
the Kujawy Lakeland and in the north part of
the Sieradz Basin, to over 750 mm in
the Leszno Lakeland. The mentioned sums of
the potential evaporation are higher than
the average annual sums of precipitation
(excluding the basin border regions), which
means that the analysed region is characterised
by a great aridity.

The hydrologic ratios in. the Warta
River basin are more complex and are affected
distribution,

by the variable precipitation

difference in the land development, and also by
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the specific system of the region specific
runoff also shaped by the specific natural
underground drainage (The Warsaw-Berlin

Pradolina).

Aversge ennuat specifie runoff inthe Warta River basin (186140},

Fig. 3. Average annual specific runoff in

the Warta River basin (1951-80)

The Fig. 3 clearly presents
the significant ~ area  diversification  of
the runoff, which is range between

12,0 1/s km? in the Gwda basin, to below
2.0 1/s km? in the Upper Notec¢ Basin.
runoffs

In case of extreme

the diversification ~ is  greater  despite
the lowland character of the basin. The runoff
values are presented in Table 1.

Table 1. Basic basin parameters

No | River Section Drainage| Spec. Runoff ( 1951-80)
area km? (I/s km*)

Low | Medium |High

1 | Warta Dziatoszyn 40885 | 2,76 5,65 21,08
2 | Warta Konin 13351,1 { 1,86 42 }18,29

3 | Warta Poznan 25910,9 | 1,34 39 (13,74
4 | Note¢ Naklo Z. 4097,6 | 0,85 2,61 505
5 | Noteé | Estuary to Warta | 17330,5:] 2,38 446 8,12
6 | Drawa | Estuary.to Note¢ | 3296,5 3,85 6,09 9,37
7 | Gwda | Estuary to Noteé | 49428 | 2,59 5,52 (11,05
8 | Warta | EstuarytoOdra | 54528,7 | 1,86 4,04 9,07

The Warta basin is located in the area where
there is a clear border between the [lake and
non-lake region in Poland, which is c\'onnected

with the last Baltic glaciation. The Fig. 4




presents the lake rate of the Warta basin in
%/100km?. The influence of the lakes in
the Warta basin on the shaping of the runoff is
diversified and results mainly from the ways of
the lake management. However, in case of
the basins located in the Upper Note¢ Basin
the influence of the climatic factors is also
important (low totals of precipitation, influence

of the underground drainage).

Lekelocatian {in %100 km2) i the Warta River basln.

Fig. 4.Lake location (in % /100 km?) in
the Warta River basin.

Figures 5,6,7 present the values of
the average annual temperatures, annual totals
atmospheric precipitation and average annual
runoffs in the period from 1891 to 1995 for
Poznaf (the basin centre).

As the figure 5 clearly presents, there
is no statistically significant trend of
the average annual temperatures. Similarly,
the annual totals atmospheric precipitation
(Fig. 6) has no statistically significant trend
either. However, beginning with 1940’s there
has been noticed an increased amplitude of
the precipitation. The trend lines of the unitary
runoffs suggest a small increase of the average
annual runoff with a significantly greater
diversification of the 10 summer mobile
averages in comparison with the values

calculated for the atmospheric precipitation.
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Fig. 5. Average annual air tempe rature
Pomai 1891-1995
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Fig. 6. Annual totals atmospheric precipitation
Pozaii 1981-1995
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Fig. 7. Average annual runoff of the Warta River
in the Poznan section 1891-1995
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On the effects of lakes on energy
and water fluxes
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Universitit Leipzig, Stephanstrae 3, D-
04103 Leipzig, Germany
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1. Introduction

Evaporation is the conversion from the
liquid phase of water to its vapor phase.
Evaporation from free water surfaces de-
pends on the energy supply, the water
vapor deficit of the atmosphere, and the
exchange of surface air with surrounding
atmospheric air. In the last decades, several
authors developed methods to estimate
evaporation from streams, lakes, water
reservoirs and oceans. These methods can
be divided into (1) empirical methods, (2)
water budget methods, (3), energy-budget
methods, and (4) mass transfer methods
(e.g., Burman and Pochop 1994). In
atmospheric models, usually empirical
methods applying the predicted meteoro-
logical quantities and based, in general,
upon Dalton’s law and energy-budget
methods are the most frequently used pro-
cedures to calculate evaporation from free
water surfaces (e.g., Kramm and Foken
1998) when the waters are resolved by the
model grid resolution. Obviously the ap-
proaches for the interfacial sublayer play
an important role in the determination of
evaporation from waters. For instance,
using Sheppard’s (1958) approach pro-
vides nearly 50 % higher water vapor
fluxes than Reichardt’s (1951) approach
(see Kramm and Foken 1998). Therefore,
Kramm and Foken (1998) concluded that
parameterization schemes of the interfacial
sublayer have to be validated not only on
the basis of laboratory data as Reichardf’s
approach, but also on data from field ex-
periments.

Besides the treatment of the inter-
facial sublayer, in numerical modeling, the
grid horizontal resolution leads to further
difficulty in determining evaporation from
lakes. In meteorological models, the hori-
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zontal grid resolution is often much coarser
than that required to represent streams,
small lakes and water reservoirs. Thus,
waters are often of subgrid-scale with re-
spect to the model resolution. A grid ele-
ment of a mesoscale meteorological model
encompasses several square kilometer for
which the dominant land-use type is usu-
ally taken to be the representative one to
determine the water and energy fluxes at
the interface  water/land-atmosphere.
Applying this strategy neglects the effects
of subgrid-scale waters on the distribution
of near-surface atmospheric conditions.
The resulting deviations in the near-surface
water vapor and air temperature distribu-
tions may also affect cloud and precipita-
tion formation (e.g., Molders 1999a) and
runoff by complicate non-linear feedback
mechanisms.

Obviously, a better representation
of the surface characteristics may be
achieved by a finer grid resolution. Unfor-
tunately, limitations of model parameteri-
zations and computer performance as well
as the availability of data to initialize the
model restrict this possibility (Mdlders and
Raabe 1996). This article presents a strat-
egy to consider lakes on a finer grid-reso-
lution than that used in the atmospheric
model.

2. Parameterization to consider subgrid-
scale lake effects

The explicit subgrid-scheme, first sug-
gested by Seth et al. (1994) for the global
scale, was adapted for the meso-P-scale
(Molders et al. 1996) to consider subgrid-
scale lake effects. Herein, a higher resolu-
tion grid (in my study 1 x 1 km?) consisting
of N (= 25 in my study) subgrid cells per
grid cell (5 x5 km?) is defined in the soil
and at the surface of the model (Fig. 1).
These subgrid cells are assumed to be ho-
mogeneously covered by either waters or
their individual vegetation and soil types.
Unique energy and hydrological budgets
(Egs. 1 to 4) are maintained for each sub-
grid cell using the subgrid cell surface
characteristics and micro climate at the
representative location. This means that, in
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each subgrid cell, the fluxes are calculated
with its own near-surface meteorological
forcing in the immediate vicinity of the
interface earth-atmosphere and with its
own subgrid water surface temperature or
its own subgrid soil temperatures and soil
wetness. These quantities are stored for
each subgrid cell and serve to determine
these quantities in the next time step. In the
mth subgrid cell of the jth grid cell, net
radiation, Q, soil heat flux, G, the fluxes of
sensible, H, and latent heat, LE, are, there-
fore, given by (Molders et al. 1996)

Qm,j = "Sm,j( 1‘am,j) - 8m,ij,j + 8m,jGTS(ni,jAt
)
~Amj0Tgmj/ 0z for land

Qmj + L\Enj + Hyj for water
(2)

3)

vaCqm,jurj (qsm,j(Tfm,j) = qu) gsm,j

Hm,j = pCpChm,jurj (Ggm,j - ®rj)

gsm,j + Cqm,jurj

LvEnj = vegetation

vaCqm,jurj (qsm,j(Tgm,j) - er) fm,j
bare soil

vaCqm,jurj (qsm,j(Twm,j) - er)

L water

4)

where the subscripts r, g, and w stand for
the reference height (located at the first
half level in 10 m height above ground),
the ground and the water surface. The
potential temperature, temperature, specific
humidity, specific humidity of saturation
and wind are denoted as ©, T, q, g, and u,
respectively. Furthermore, p, o, €, A, ©, z,
S and L stand for the density of air, the
albedo, the emissivity of the surface, the
soil thermal conductivity, the Stephan-
Boltzmann constant, the depth of the upper
-soil layer, the shortwave and longwave
radiation. The specific heat at constant
pressure and latent heat of condensation
are denoted as ¢p and L,, respectively.
Furthermore, C, and C, are the transfer
coefficients for heat and water vapor, g is
the canopy conductivity that depends on
the maximal evaporative conductivity, in-

81

solation, water vapor deficit, air tempera-
ture, and soil wetness factor, f (e.g., Dear-
dorff 1978). The dimensionless drag and
transfer coefficients, Cy4, Cp, and Cq, read
for stable conditions

o

Cq
(5)
and for unstable conditions

{ Cy, } {1/(Cd”2Bh"+Fm'”2)}
= d
Cq

(6)
(Molders 1998), where the drag coefficient
for momentum is given by

1/(Cq""By" + 1)
1/(C4"By" + 1)

Cy=KFn/(n (z/20) In (zd20)) . (7)

Herein, the B, and B, are the sublayer-
Stanton numbers for heat and moisture
which, in the present study, are calculated
according to Garratt and Hicks (1973) by

By = 1/x In(zo/zon) (8)
and
By = /K In(zo/zog) - (9)

Note that Kramm et al. (1996) give a de-
tailed discussion on determining sublayer-
Stanton numbers for heat and matter. The
roughness length for heat zg, and moisture
Zoq are given by (Brussart 1975, Hicks
1985, Eppel et al. 1995)

Zo/exp(2.3)
Zog =

zO/exp(36.34(u*zo)”4-2) elsewhere,
(10)

vegetation

vegetation

zo/exp(2.3)
Zop =

zO/exp(39.53(u*zo)”4-2) elsewhere.
(11)

Here, the roughness-length z, depends on
the land-use for vegetative, urban or bare
surfaces. Furthermore, the stability func-
tions Fyhq are given by the parametric
model of Kramm et al. (1995)




- {(1 - 1iRip) Ri. > Riy > 0
(1 - 1R Ri<O,
(12)
l:m Ricr 2 Rlb >0
Fn= 32
Fn Ri<O ,
(13)

which is based on the Monin-Obukhov
similarity theory. Here, Ri, Riy and Ri, are
the Richardson number, the bulk-Richard-
son number, and the critical Richardson
number, respectively. Furthermore, y1 = V3
=5,v=v1~ 16 and F; = F are assumed
(e.g., Garratt, 1992). Note that Kramm et
al. (1995; their Fig. 1) showed that this
parameterization of the stability functions
is exactly the analytical solution in the
stable case and it matches more closely the
analytical solution than that of Louis
(1979) in the unstable case.

The coupling to the jth atmospheric
grid cell is realized by arithmetically
averaging the individual subgrld cell fluxes
and quantities of states, F..K j» to provide
the grid cell values

1 N
ijz o Fm’jk

N m=1 , (14)
where the index k stands for the fluxes and
the quantities of state (L,E, H, G, Q, f, T,
0, q).

A fundamental assumption of this
strategy is that the subgrid-scale near-sur-
face meteorological forcing, which is ex-
perienced by the surface, is important in
determining the net exchange of heat,
moisture and momentum at the interface
earth-atmosphere (Molders et al. 1996).
This means that no interaction between the
different landuse types exists. Since in the
explicit subgrid strategy, the grid cells of
the atmospheric model are explicitly bro-
ken down, the spatial location of each sub-
grid flux is known (Fig. 1).

Like in Seth et al. (1994) the aver-
age grid cell values of wind speed and sur-
face pressure are used for all subgrid cells.
This means that the explicit subgrid
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scheme ignores subgrid-scale dynamical
effects related to the surface heterogeneity,
for instance, directed flows caused by to-
pography or lake-breeze effects. Moreover,
it also neglects advective effects accom-
panied by occasionally observed internal
boundary layers (e.g., Raabe 1983, 1991,
Garratt 1992, Hupfer and Raabe 1994) and
interaction between the energy budgets of
the different landuse types.

top of atmospheric model

A~

atmo:

v
i
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Vi /////////// /
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.\'ub;t:rid layers within soil

Fig. 1. Schematic view of the explicit subgrid
scheme (modified after Molders et al.
1999).

“subgrid cell

3. Design of the study

Numerical experiments were carried out
using a mesoscale  meteorological model
(GESIMA; see Kapitza and Eppel 1992,
Eppel et al. 1995), where the same surface
exchange and turbulence parameterization
schemes are embedded into the strategies
mentioned above to ensure that differences
in the results are only affected by these
different strategies. Moreover, simulations
using the explicit subgrid-scheme with and
without lakes were carried out to elaborate
the effect of subgrid-scale lakes alone. In
doing so, subgrid-scale water reserv01rs
were added that totally amount to 417 km®.

All three simulations were performed for
Northern Saxony and Southern Branden-

burg (see Molders 1998, her Fig. 1 for

land-use distribution of the model domain)
for a typical day in spring.

The temperature and moisture states
in the system earth-atmosphere evolve by
fluxes which themselves depend on those
states. The resultant non-linear dynamical
system has modes of variability and statis-




tical signatures that depend on the inter-
actions of the energy and water budget
(Entekhabi and Brubaker 1995). To evalu-
ate the statistical behavior of the effects of
the strategies, frequency distributions of
the model state quantities, the water and
energy fluxes as well as the cloud and pre-
cipitating particles were determined for the
entire simulation time on the basis of the
hourly data provided by each of the three
simulations.

4. Results

4.1 General aspects of lakes

In spring and early summer, water surface
temperatures are cooler than the surface
temperatures of the surrounding land dur-
ing the daytime. Note that the opposite is
true at night as well as in autumn and early
winter. The aforementioned discrepancy
leads to a stabilization by day and a labili-
zation by night. During the night, the addi-
tional warm water-surfaces result in greater
vertical components of the wind-vector
than those obtained over the cultivated land
at the same place in the reference land-
scape (= landscape without additional
lakes). At daytime, the vertical component
is reduced in those grid-cells where lakes
exists as compared to the same locations in
the landscape without additional lakes.
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Fig. 2. Comparison of the probability density
functions of near-surface air temperatures,
soil wetness, ground temperatures and wa-
ter vapor mixing ratios (upper left to lower
right) as obtained by the simulation with
the strategy of dominant land-use (grey
dots) and the explicit subgrid scheme (=
simulation without additional lakes; dia-
monds).
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In addition to different energetic and
hydrological =~ behavior, the  surface
characteristics of land and water differ in
roughness and terrain-elevation. These
differences may affect vertical mixing and
the stability of the atmospheric boundary
layer (ABL). Thus, besides the differenting
evaporation from lakes, lakes may modify
evapotranspiration at their lee-side borders
by the altered micrometeorological condi-
tions (wind, temperature, humidity, etc.) of
the air mass that passed over the water.
Note that moisture convergence may be
significantly altered by the lower aerody-
namical roughness of the water than land if
the lake is of sufficient size (cf. Figs. 3, 10
1n Molders 1999b).

4.2 The effect of subgrid scale hetero-
geneity

The probability of higher values of near-
surface air temperatures and surface tem-
peratures will increase if subgrid-scale
surface heterogeneity is included (Fig. 2).
Moreover, the probability for high wind
speeds grows when considering subgrid-
scale surface heterogeneity. Although
locally large differences in the vertical
wind component occur between the simu-
lations with and without consideration of
subgrid-scale heterogeneity, the distribu-
tion of the probability density function of
vertical velocity hardly changes. Consid-
eration of subgrid-scale surface heteroge-
neity results in a shift towards an increased
probability for lower evapotranspiration
(Figs. 3, 4), near-surface humidity (Fig. 2),
mixing ratios of cloud water, rainwater and
ice, precipitation rates as well as soil wet-
ness (Fig. 2).

The probability of lower net radia-
tion and lower soil heat fluxes increases
when subgrid-scale surface heterogeneity is
taken into account. The spatial and tempo-
ral variability of latent heat fluxes rises due
to heterogeneity. The joint probability
density function calculated for the results
with heterogeneity are skewed to larger
sensible and lower latent heat fluxes as
compared to those obtained by the simula-
tion with the strategy of dominant land-use
(Figs. 3, 4). The reasons are manifold. As
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mentioned before, the soils are drier when
heterogeneity is considered. Dry soils are
associated with larger Bowen ratios (Figs.
3, 4). Usually, rising air temperatures lead
to an increase in potential evapotranspira-
tion. However, in both the simulations the
potential evapotranspiration is not achieved
and the actual evapotranspiration is even
lower for the simulation with consideration
of subgrid-scale heterogeneity than with-
out.
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Fig. 3. Isolines of joint probability density
functions for the surface fluxes of latent
and sensible heat in the simulation using
the strategy of dominant land-use. Lines of
constant Bowen ratios are superimposed.
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Fig. 4. Like Fig. 3, but for the simulation using
the explicit subgrid scheme (= simulation
without additional lakes).

4.3 Lake effects

This subsection illustrates the influence of
additional lakes on energy and water
fluxes. The probability density functions of
surface temperature shift towards slightly
lower values when lakes are added into the
landscape. This change leads to similar
behavior in the air temperatures (Fig. 5).
Therefore, additional lakes result in both
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significantly lower latent and sensible heat-
fluxes as compared to the reference land-

scape (see also Figs. 4, 6) to the benefit of

the heat-fluxes in the diurnal course. Hu-
midity is slightly reduced over the addi-
tional lakes during the daytime, because
the lakes provide significantly less water to
the atmosphere than the same areas in the
reference landscape. Thus, the probability
density functions of specific humidity shift
towards lower values for the simulation
with lakes than that without (Fig. 5). A
further reason is that the water surfaces
slightly cool the overlying air and the
downwind surroundings of the waters. This
effect reduces the water-vapor deficit.
During the night, humidity increases (up to
0.3 g/kg) over the additional lakes and their
environs due to the, on average, apprecia-
bly warmer air (0.3 K and more) of the
lower ABL than in the landscape without
these additional lakes (see also Molders
1998).
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Fig. 5. Like Fig. 2, but for the simulation with

(grey dots) and without additional lakes
(diamonds).
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additional lakes.
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As a consequence of the reduced water
supply to the atmosphere, cloudiness over
the lakes during the daytime decreases in
the simulations including additional lakes.
The opposite is true at night. Furthermore,
herein, the probability density functions
shift towards lower as well as slightly
higher mixing ratios of cloud water, rain-
water, and ice as compared to the simula-
tion without additional lakes. This means
that the distribution of these quantities be-
comes wider with than without additional
lakes. The presence of the lakes increases
the domain-averaged 24h-accumulated
precipitation from 1.3 mm to 1.7 mm.

The altered distributions of the
probability density functions of cloud and
precipitating particles and their varying
times of development may be explained as
follows: As compared to the reference
landscape, the stabilization retards cloud
and precipitation formation over the addi-
tional lakes during the morning and early
afternoon. This means that, here, preci-
pitating particles form much later in the
afternoon than in the reference landscape.
At that time, the evaporation from lakes
exceeds the evapotranspiration taking place
at these areas in the reference landscape.
This higher water supply leads to higher
precipitation rates in the late afternoon for
the simulation that includes additional
lakes. Note that, in both landscapes, the
formation of precipitation particles starts at
nearly the same time in the regions far
away from the land-use changes. As a
secondary effect, differences in advection
of heat and humidity lead to further differ-
ences in the water and energy fluxes.

In the simulation with additional
lakes, the lower air temperatures reduce the
evapotranspiration until the early afternoon
as compared to the simulation with the
reference landscape. Therefore, the soil-
wetness-factors increase downwind of the
additional lakes as compared to those ob-
tained by the simulation with the reference
landscape. As a consequence of the higher
precipitation rates in the simulation with
additional lakes, soil-wetness increases in
the late afternoon.
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In summary, the additional lakes
strongly affect the water-cycle in their en-
virons. The presence of lakes retards pre-
cipitation formation in spring. In the late
afternoon, when precipitation starts to
reach the ground, the incoming energy is
already low. Hence, in a landscape with
lakes, precipitation contributes more to
infiltration and runoff than to evapotran-
spiration.

5. Conclusions

The results substantiate that neglecting of
lake effects, for instance by the strategy of
dominant land-use, may provide inade-
quate results. Moreover, the results illus-
trate that even subgrid-scale small lakes
may affect water and energy fluxes, the
variables of state as well as cloud and pre-
cipitation formation. Considering these
findings, it may be concluded that
parameterizations of lake effects have to be
further developed and included in meso-
scale meteorological models. The ap-
proaches used in these parameterizations,
of course, have to be evaluated by field
experiments. Moreover, the performance of
these parameterizations should also be
evaluated indirectly by evaluating the over-
all performance of the model with inclu-
sion of lake effects.
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1. Introduction

The Baltic-Air-Sea Ice Study (BALTEX-
BASIS) is a sub-project of BALTEX. The
overall objective of BASIS is

- to create and analyse an experimental
data set for optimization and verification of
coupled atmosphere-ice-ocean models.

BASIS is carried out as an EC funded
project by Finnish, Swedish and German
institutes’.  The main experimental
campaign was carried out in February-
March 1998 (Launiainen, 1999).

Air-ice-ocean coupling and modelling are
important goals of the project. In the air-ice
coupling, the primary quantities to be
studied include the air-ice interfacial
(surface) temperature, the fluxes of
momentum, heat and water vapour (latent
heat), and, the radiative fluxes. In this
report, we introduce FIMR process studies
of air-ice-ocean coupling and a few
preliminary  results based on  the
measurements carried out at the RV
Aranda Ice Station during BASIS.

2. Measurements

The measurements focused on the air-ice
coupling studies included direct eddy flux
(sonic anemometer) measurements of
momentum and sensible heat, and of wind
and temperature measurements in a
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meteorological profile mast. The latter
measurements allow us to calculate the
fluxes of momentum and sensible heat, for
comparison with the eddy flux observed
results, by using the so-called gradient or
level difference method based on the
Monin-Obukhov = similarity theory. No
eddy flux or gradient measurements were
made for determination of water vapour or
latent heat flux. For this case, we will
estimate that by using a single-level
measurement of relative air humidity and
an indirect “synthetic”” method. In addition,
various radiation fluxes were measured and
in-ice/snow temperature measurements
were collected by an ice temperature
logging stick. Finally, water-ice fluxes of
heat, momentum and salt were measured
(by University of Hokkaido, Japan) with
various eddy flux equipments below the
ice. The varius observations are introduced
in the BASIS Data Report (Launiainen,
1999).
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Figure 1. Coupled FIMR 1D thermodynamic Air-Ice-Ocean Model.

3. Coupled model

For local process studies a one-
dimensional coupled thermodynamic air-
ice-ocean model (Launiainen and Cheng,
1998) is used. A schematic presentation of
the model is given in Fig. 1.

The ice model has 10 to 30 layers in snow
and ice totally, and the time step may be
from 10 s upwards. Air and snow/ice are
fully coupled in each time step calculation.
The input data read: wind speed,
temperature and moisture from any level
(arbitrary and mutually different, if
necessary) in the constant flux layer, say
below 50 m, and short-wave radiation. If
radiation data are not available, those will
be calculated by standard formulae in the
model. In addition, the initial ice thickness
and snow thickness are given. The output
data read:
- airsice fluxes and atmospheric
stratification
- atmospheric  profiles of wind,
temperature and moisture. The model
can e.g. produce a surface layer
inversion under negative surface
radiation balance.
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- ice thickness and in-ice temperature in
various depths in ice.

As a module, the ice model has been
coupled with a mesoscale atmospheric
model.

In BASIS studies, the ice model was
applied to and compared  with
measurements made from RV Aranda Ice
Station.

4. Results

Fig. 2 gives the time series of the sensible
heat flux derived by various methods. The
direct eddy flux results are compared with
results of the profile method and with the
fluxes calculated by the coupled ice model.
All the meteorological input data for the
ice model were taken from a single-level
data from the meteorological mast, and the
three methods are in practice independent.
In general, the agreement is good and the
results are very promising. As to the
momentum flux, not shown here, the
various methods agree (surprisingly) well
also. In this connection, we want to




emphasize that the wind and temperature
sensors in the mast were (and have to be)
especially carefully calibrated, for the level
difference profile method which tends to
be very liable to errors, peaks etc.
However, the good general coherence of
the level difference and ice model results
with the eddy flux results supports to the
overall validity of the Monin-Obukhov
similarity theory.

As an example of the air-ice interaction
characteristics, Fig. 3 gives the neutral drag

coefficient Con(10) as a function of the

wind speed, as calculated from the basis of
the sonic anemometer data in the Ice
Station. The results show a drag coefficient
of 1.2 x 107 in those conditions over a
rather smooth sea ice in the Ice Station.

Fig. 4 shows a comparison of the time
series of the observed and model estimated
In-ice temperatures for the BASIS Ice
Station data set. The comparison shows a
rather good general agreement. The above
Jjustifies a good overall relevancy of the ice
model construction and parameterizations
and indicates its potential for process
studies.
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Finally, we may note that the above
discussion is related to a local one-
dimensional approach, strictly. In nature, a
sea ice field usually consists of a mosaic of
open water and ice floes of various
thickness, and the field is therefore
heterogeneous with respect to the surface
temperature  and  roughness. Spatial
averaging is therefore necessary to estimate
regionally representative air-sea-ice fluxes,
and several possibilities are available for
the parameterization of them (Vihma,
1995). For the purpose, the FIMR
thermodynamic model is coupled as a
module with a mesoscale atmospheric
model.
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Figure 4. In-ice temperatures during BASIS:
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vertical intervals) in ice. The mean total ice thickness was 35 cm.
b) Calculated temperatures by the coupled model. Dotted line gives the air-snow interface
(i-e. surface) temperature. Dotted line is the snow-ice interface temperature and the
continuos lines give in-ice temperatures in various depths.
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Observation and modeling of surface fluxes over sea
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Abstract. In this study direct measurements of latent heat flux at two
sites within the Baltic Sea are compared with estimates using two different
models. The models are the regional scale atmospheric model HIRLAM
and the ocean model PROBE-Baltic. It is shown that both models clearly
overestimates the latent heat flux. This overestimation can to a large extent
be explained by errors in sea surface temperature and surface humidity. The
flux calculation in the models are very sensitive to errors in mean parameters.
The large deviations between models and measurements show the importance

of verifying flux estimates from models.

1. Introduction

The water balance of the Baltic Sea is
one main concern in the BALTEX research
program (BALTEX, 1995). The balance is
controlled by the net precipitation (precip-
itation minus evaporation), the river runoff
and the in- and outflows through the Baltic
Sea entrance area. The probably most un-
known component of the water balance is
the net precipitation, which has often been
regarded as a residual term or has been ne-
glected in the water balance. The project
PEP in BALTEX (Pilot study of Precip-
itation and Evaporation in BALTEX) is
investigating this problem using measure-
ments and models for estimating precipita-
tion and evaporation over the Baltic Sea.
In Omstedt and Rutgersson [1999] the net
precipitation differs by a factor of two when
determined by different methods. Precipi-
tation is probably the most uncertain pa-
rameter in the net precipitation, but also
evaporation (or latent heat flux) is deter-
mined with great uncertainty. It is difficult
to cover large areas with direct measure-
ments, so latent heat flux needs to be de-
termined either by measuring mean param-
eters at coastal stations or ships or by using
models. It would appear easier to model
surface fluxes over sea than over land due
to less heterogeneity. But there are some
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factors complicating the situation over sea:

e There are few measurements of mean
parameters for verification of methods
and also few flux studies, so theories are
mostly developed over land areas.

e Sea surface temperature is often deter-
mined with great uncertainty.

o The lower boundary varies in time (waves
and ice).

¢ Coastal problems, for example local cir-
culation systems due to large horizontal
gradients in roughness and temperature.

In this work the last two points will not
be considered, but they are important fac-
tors for further studies. For the two first
items coupled models could be a part of
the solution of the problem and work is
progressing in the area (Gustafsson et al.
[1998] and Hagedorn et al. [1998]), but it
is still of crucial importance to know that
the models are describing correct fluxes.
A comparison between measured and mod-
eled sensible heat and momentum fluxes us-
ing the regional scale model HIRLAM was
performed in Rutgersson [1999], showing a
certain overestimation of both sensible heat
and momentum flux in the model.

Few previous studies have been performed
of the latent heat flux over the Baltic Sea.
In Gustafsson et al. [1998] it was found that
HIRLAM gives a too large latent heat flux.




Figure 1. Map of the subbasins, A and B
are the measuring sites.

Isemer and Lindau [1998] used voluntary
ships for long-term estimates of evapora-
tion and precipitation.

In this study, direct flux measurements
of latent heat over the sea are compared
with the fluxes given by two different mod-
els, one atmospheric model and one ocean
model. The sensitivity of the models due
to errors in mean parameters is also inves-
tigated. It should be noted that the model
are not independent since atmospheric in-
formation from the HIRLAM model is used
as input to the ocean model.

2. Measurements

Two measuring sites within the Baltic
Sea have been used. A small island north
of Bornholm, Christiansé, A on the map
in Figure 1 and an island east of Gotland,
6sterga.rnsholm, B on the map.

2.1. The Christiansd site

At site A, Christianss, a 10 ‘m high
mast has been erected on a very small is-
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land near the main island Christiansé. The
mast is instrumented with a SOLENT sonic
anemometer and an Ophir open path in-
strument for measuring humidity fluctua-
tions. The site is exposed to winds from
the approximate sector 120° — 300° over
south. For the sector 180 — 270° the winds
have passed Bornholm which is ~ 20 km

: away. This can to some extent disturb the

measurements, but Bornholm is a small is-
land, and this is not expected to have very
large influence. Synoptic data are taken at
Christiansé Fyr some hundred meters from
the site and sea surface temperature is mea-
sured in the waters outside the island.

2.2. The 6stergarnsholm site

Site B, éstergarnsholm, is a small very
flat island 4 km east of Gotland. A 30 me-
ter tower has been raised at the southern
tip of the island. The sector 60-220 degrees
has more than 150 km of undisturbed up-
wind fetch. The instrumentation and mea-
suring site are described with more details
in Smedman et al. [1999)].

Turbulent fluxes are determined using
two different methods. For a short pe-
riod the high quality MiUU-instrument was
used giving reliable measurements. Dur-
ing May and October some measurements
of relatively high quality was obtained us-
ing a LiCOR system [Grelle and Lindroth,
1996]. Only data from these periods have
been used in this study.

3. Models

3.1. HIRLAM

The HIRLAM forecast model is a 3-
dimensional limited area model covering
the northern part of Europe. A detailed
description of the model can be found in
Killén [1996]). HIRLAM is based on the
primitive equations with horizontal velocity
components, temperature, humidity and
surface pressure as prognostic variables. In
the present study data from the HIRLAM
version used operationally at SMHI have




been used. The horizontal resolution for
the data is (22 x 22) km and in the verti-
cal 31 levels are used. The vertical diffusion
scheme is based on non-local first order tur-
bulent closure. The surface turbulent fluxes
are determined from mean model parame-
ters using a bulk formulation:

T = pCpu?

H = pc,Chu,(8s — 6:) (1)

E = pCE”z(Qs - qz)

7, H and E describe the vertical turbu-
lent fluxes of momentum, sensible and la-
tent heat, p is the air density and c, the
specific heat capacity of air. u,, 6, and g,
are mean wind, potential temperature and
humidity at level z and 6, and ¢, are the
potential temperature and humidity at the
surface. Cp, Cyg and Cg are the trans-
fer coefficients for momentum, sensible and
latent heat. The transfer coefficients are
described in Louis [1979] and Louis et al.
[1982]. For sea surface temperature (SST)
and ice cover rather sparse measurements
from the Baltic Sea are used in combina-
tion with satellite data.

For the comparison the HIRLAM 100 %
sea grid point closest to each site is used.

3.2. PROBE-Baltic

The PROBE-Baltic ocean model [Om-
stedt and Nyberg, 1996] is a basin model
for the Baltic Sea. The model is divided
into 13 sub-basins (Figure 1) and as mete-
orological input to the model, data from
HIRLAM is used with a time resolution
of three hours. River runoff as observed
monthly means is included and the model
calculates the horizontal mean properties of
e g sea surface temperature, ice concentra-
tion and thickness in each sub-basin. The
turbulent fluxes are calculated from a bulk
formulation, Equation (1). The neutral
transfer coefficient for momentum are de-
scribed in WAMDI [1988]. The bulk trans-
fer coefficients Cy and Cg are revised from
the original PROBE-Baltic scheme, using
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Figure 2. Latent heat flux in (Wm™2)
for the period May 1998 to December 1998.
Crosses are the data and solid line the one
to one relation. Measurements are com-
pared with (a) the PROBE-Baltic model
and (b) the HIRLAM model.

DeCosmo et al. [1996] for the neutral val-
ues. A simplified version of the scheme de-
scribed in Launiainen [1995] is used for the
stability functions. The main difference to
the scheme described in Launiainen [1995]
is the description of the roughness length
which in the present model is a function
of the neutral values of the transfer coeffi-
cients.

For the comparison with data the Born-
holm Basin is used for Site A and Eastern
Gotland Basin for Site B. Only data when
both measurements and models have undis-
turbed winds from the sea sector are used
(120-300° resp 60-220°).
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Figure 3. Latent heat flux in (Wm=2)
divided into wind speed ranges. Data are
from Christiansd for the period May 1998
to December 1998. Note that there are
rather few data for the highest wind speed
range.

4. Results

4.1. Comparison

In Figure 2a the measured latent heat
flux at Christiansé and the modeled flux
with PROBE-Baltic can be seen, and in
Figure 2b fluxes measured and modeled
with HIRLAM. Both models show a great
scatter and overestimate the latent heat
flux. In Figure 3 the data are divided into
measured wind speed ranges and the latent
heat flux is averaged for each range. It can
be seen that PROBE-Baltic generally over-
~estimates for all ranges whereas the overes-
timation in HIRLAM is more pronounced
for higher wind speeds.

From Figures 2 and 3 and also Table 1
“where some statistics of the fluxes can be
seen it is clear that both the models over-
estimate latent heat flux for this site and
this period. The difference between mea-
surements and models can be explained by
several factors, some will be discusse in the
next Section.
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Table 1. Statistics for the different pa-
rameters at Christiansé. Number of data
is denoted n, rg is the correlation coeffi-
cient, bias is mean difference and rms the
root-mean-square error. U and 7" are mea-
sured at 10 m, ¢ at 2 m. In PROBE-Balitc
U representing 10 m and T and ¢ for 2 me-
ters are used. In HIRLAM all parameters
are recalculated to 10 m.

PROBE- HIRLAM

Baltic
UlO rg = 0.88 g = 0.89
(m/s) bias = —0.4 | bias = 0.4
n=2433 || rms = 1.68 rms = 1.7
T rg = 0.94 rg = 0.91
(°C) bias = 0.4 bias = —0.1
n =2104 || rms =1.25 rms =1.3
q ro = 0.85 ro = 0.95
(9/kg) bias = —0.48 | bias = —0.83
n = 440 rms =1.22 rms = 1.07
SST T = 0.98 Ty = 0.86
(°C) bias = 1.90 bias = 0.26
n =179 rms = 2,01 rms = 1.69
H rg = 0.77 T = 0.83
(W/m?) | bias =9.3 bias = —1.8
n = 2433 | rms = 27.1 rms = 21.0
E Ty = 0.53 re = 0.57
(W/m?) || bias = 38.8 | bias = 28.0
n = 2433 || rms = 52.7 rms = 59.4

Table 2. Sensitivity of parameterization
scheme to changes in mean parameters at

- Christiansd. Averaged fluxes in (W/m?).

meas modeled
org §ST-1 | SST-1
q+1
H=134 || H=23.0 | H=11.7 | H=11.7
=22.9 || E=65.3 | E=47.0 | E=34.1




4.2. Causes of errors

4.2.1. Mean parameters

The most obvious source of error is the
mean parameters used in the models. In
Table 1 some statistics of the various pa-
rameters can be seen. It should here be
noted that the humidity data are taken
at the synoptic station at Christiansé Fyr,
there is a certain areal separation- to the
other data. The synoptic site is not quite
as exposed and thus perhaps slightly too
dry. This would make the difference to the
models even greater. The parameter most
difficult to determine is in general SST. In
Figure 4 the SST can be seen. PROBE-
Baltic clearly overestimates SST by more
than one degree, this also explains the over-
estimation of sensible heat lux by PROBE-
Baltic. The average agreement is better for
HIRLAM but the variations in SST are un-
realistically large on short time-scales, due
to the interpolation technique used for de-
termining SST in HIRLAM. This will give
an unrealistic high scatter in the latent heat
flux.

The bias for the mean parameters seems
to be within what can be expected from
such models, apart from the erroneous SST.
We then need to consider how certain error
affects the fluxes. To study the sensitiv-
ity in the fluxes to errors in mean parame-

ters the heat flux scheme from in PROBE- -

Baltic is used together with model param-
eters.

In Table 2 the averaged fluxes after these
tests can be seen. When decreasing the
SST one degree the sensible heat flux de-
creased by 50% and is in good agreement
with the measured flux, the latent heat flux
is decreased by 30%. Increasing specific hu-
midity by 0.5 g/kg decrease the latent heat
flux by another 30%, and the calculations
are closer to measurements.

The sensitivity for the scheme used in
HIRLAM is similar. It should also be noted
that this is not a test of the models since
it is no model simulation, it is merely a
test of the sensitivity in the parameteriza-
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Figure 4. Sea surface temperatures for the
period May 1998 to December 1998. Solid
line is the HIRLAM model, dashed is the
PROBE-Baltic model and dotted is mea-
sured outside Christiansd
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Figure 5. Averages of latent heat flux
for measured wind speed ranges. Mea-
sured mean parameters are used as input
in the parameterization schemes used in
HIRLAM and PROBE-Baltic respectively.

tion scheme. The model response to these
changes is not studied.

4.2.2. Parameterization scheme
When dealing with errors in SST of the
order of 2 degrees the result is not very
sensitive to coefficients in the parameter-
ization scheme. But a scheme giving sys-
tematic errors due to the parameterization
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Figure 6. Latent heat flux calculated by
bulk formulas (a) as in PROBE-Baltic and
(b) as in HIRLAM, compared with mea-
surements from Ostergarnsholm. Crosses
use the MiUU-turbulence instrument and
circles the LICOR system.

still give large systematic errors. For ex-
ample the scheme used in HIRLAM can be
questioned for high wind speeds. In Fig-
ure 5 the schemes used in the two models
are tested using measured mean parame-
ters at Christians as input, this will give a
new data set which is not directly compa-
rable to Table 2. The data is divided into
measured wind speed ranges.

Average values for the measured latent

heat fluxis 18 Wm™2, modeled as in PROBE-

Baltic give 15 Wm=2 and as in HIRLAM
23 Wm™2, the scheme used in HIRLAM
clearly overestimates fluxes at higher winds.
Also data from éstergarnsholm are used to
test the two schemes. In Figure 6 results
for two different measuring setups are used.
For this data both schemes give too high la-

97

tent heat flux, but it is a more clear signal
using the scheme from HIRLAM.

From the parameterization tests together
with Figure 3 it can be concluded that the
wind speed dependence in the transfer coef-
ficient for humidity, Cg, gives too large la-
tent heat flux at high winds. It is otherwise
difficult to draw any further conclusions.
The areal separation of the measurements
of humidity to the others at Christiansd re-
sults in a too large scatter for any more
careful examination. Figure 6 (a) with high
quality data indicates that also the param-
eterization scheme used in PROBE-Baltic
results in too high latent heat fluxes.

4.2.3. Measurement quality
When it comes to comparing measurements
and models, the question about quality of
measurements naturally arises. This prob-
lem can be divided into two parts. Repre-
sentativity of measurements and measure-
ment errors.

The assumption is that a single point
measurement represents an area average in
the model. For the HIRLAM comparison
this is not a too great assumption since the
measurements represent a footprint of the
conditions several kilometers upwind the
measuring site. Only data with on-shore
winds are used and neither of the two sites
are believed to be very influenced by up-
welling, so the surface is relatively homo-
geneous in space. Hourly averages of mea-
surements are used, not to include smaller

. scale phenomenon. For the PROBE-Baltic

this is perhaps a more questionable as-
sumption since the PROBE-Baltic basins
are of the order of hundreds of square kilo-
meters. But still since both measuring sites
are quite in the middle of each basin, and
not very close to large upwelling areas, the
conditions are assumed to be rather homo-
geneous in space. However, the problem
with representativity can explain some of
the deviations in SST for PROBE-Baltic.

The problem with measurement errors is
also hard to answer. It is difficult to verify
flux measurements over sea. Since statis-




tical turbulence parameters, for the data
used in the present study, look reasonable
(not shown here) there is really no reason
to question the measurements.

5. Discussion and conclusions

At Christianso the two models overes-
timate latent heat flux, this is in general

agreements with earlier findings from HIRLAM

by Gustafsson et al. [1998] and also for
the sensible heat fluxes at 6stergarnsholm
[Rutgersson, 1999]. In Figure 7 examples of
soundings before and after the passing over
the Bothnian Bay are shown, the agree-
ment is good before passing the Bothnian
Bay, but the model is too humid in the
lower layers after. Further investigation is
needed to see if this is a general feature or
not. Explanations for this can in HIRLAM
be surface parameterization - but also the
turbulence parameterization. If the turbu-
lence is too efficient in transporting humid-
ity away from the surface, we will have a
too dry surface and too large latent heat
fluxes. Since the PROBE-Baltic model is
driven by meteorological parameters from
HIRLAM a too dry HIRLAM will also in-
fluence the latent heat fluxes in PROBE-
Baltic.

The mean parameters are of critical im-
portance for the resulting fluxes and the ac-
curacy in SST and low level temperature
and humidity needs to be very high. In
Fairall et al. [1996] it was shown that the
accuracy of temperatures need to be 0.2
K and of humidity 0.2 g/kg to give fluxes
within 10 %.

The conclusions from this study can be
summarized as follows:

e The two models clearly overestimate
latent heat flux at Christiansd. A
possible explanation is too dry sur-
face layers over sea.

e The latent heat flux is extremely sen-
sitive to errors in SST and surface hu-
midity. An accuracy of some tenths
of degrees and some tenths of g/kg
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Figure 7. Vertical profiles of temperature
and dew point temperature at a) Sundsvall
and b) Jokioinen. Sundsvall is situated on
the Swedish side of the Bothnian Bay and
Jokioinen on the Finnish side.

is needed for accurate flux estimates.
This seems however to be far from the
accuracy in present atmosphere and
ocean models applied to the Baltic
Sea.

e It is also important to have a good pa-
rameterization scheme. The scheme
used in HIRLAM was shown to over-
estimate fluxes at high wind speeds.

e The lack of agreement between mod-
els and measurements indicate the
need of further development of mod-
els before drawing further conclusions
concerning heat and water budgets.

The overestimation of the latent heat
flux in this study is clearly seen north of
Bornholm for both models. It is perhaps
too early to generalize this feature to all
Baltic Sea and other models, but it is likely
that this is the case.
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Revision of the surface flux parameterization over sea in HIRLAM: Theory and results

Niels Woetmann Nielsen DMI, Copenhagen

1. INTRODUCTION

The present parameterization of surface fluxes in
HIRLAM over sea does not include the smooth surface
regime. Instead a lower limit is set for the roughness
length (currently 1.5 - 10~°m). The roughness length for
momentum, zgus, is calculated from Charnock’s formula,
with a constant of proportionallity equal to 0.0032. It is
further assumed that the roughness lengths for sensible
heat and moisture are identical to zgps. Observations as
well as theoretical work indicate that this is not the case.

The minimum constraint on zgs together with the ap-
plied stability functions ensures that the fluxes of sensible
heat and moisture have non-zero values in free convec-
tion. However, the latter values depend on the minimum
value chosen for zp57. This minimum value also in gen-
eral imply that free convection (unrealistically) occurs at
a mean wind speed greater than zero. ,

A revised parameterization of surface fluxes over sea
without the shortcomings listed above has been devel-
oped for the HIRLAM model. Details about this model
is given in Kallén (1996).

2. ROUGH AND SMOOTH SEA SURFACE

In the revised scheme there is a distinction between a
smooth and rough sea. For near-surface wind speeds <
3m/s the sea is considered to be smooth with roughness
lengths 29, = ry-v/u, (y = m (momentum), h (heat) and
g (moisture)) with rp, = 0.11, r4 = 0.2 and ry = 0.3. For

near-surface wind speeds > 5m/s the sea is considered to
be rough with zg,, = 8- u2/g (Charnock’s relation) with
B = 0.014 over the open sea and 3 = 0.032 in coastal
waters (fraction of sea < 1). In the transition zone an in-
terpolation formula depending on wind speed is applied.
In the rough regime the roughness lengths for heat and
moisture are given by (Garratt, 1992)

In 22" — cpRel/* -2, (1)
Z0h
jn 20m 1 2 chei/4 , (2)
Z0q 20h

in which Re, (the roughness Reynolds number) is defined
as

Re, = [} (3)

Over rough sea c;, = 2.48, ¢, = 0.20 and over smooth sea
cn = 2.43,¢c4 = 0.70.

3. FREE CONVECTION AND 1D RESULTS

A free convection limit in accordance with laboratory
measurements (e.g. Deardorff et al., 1969) is obtained
by modifying the stability function in (4) (Louis et al.,
1981)
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FIG. 1: Surface fluxes over sea as a function of geostrophic wind speed (at 60°N) from the parameterization schemes
S1 (full), S2 (dashed) and S3 (dotted), see text for details. a: momentum flux (N/m?) , b: sensible heat flux (W/m?)
and c: latent heat flux (W/m?). In the calculations Af, = 5.1°C, Ag = 5.9¢g/kg and 6, = 286.3K.
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FIG. 2: Difference S1-S0 in surface latent heat flux of two
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parallel forecasts S1 and SO (see text for details) together

with wind velocity (WMO standard) at the lowest model level in S1. Negative flux differences (<-10 W/m?) are

shaded and positive differences are hatched. Contour inter
February 1997 | b: 24 hours forecast from 00 UTC, 1 July

in which a,,=6, ap=a,=9 and by=45, Ri is a surface layer
bulk Richardson number and C,,5 the momentum drag
coefficient in neutral stratification. The modification to
the stability function in (4) consists of a replacement of
Cmn with C,n and z,, in the square root term with
another length scale d,. The definition of Cynis

-1
Oyn =Crn(1+mZ22/;m 2} (5
20y 20m

and the definition of dy is

2
dy = (JH -Ppr%3. e-,) -v/upc, (6)

in which dg = 0.17, Pr is the Prandtl number, v is
the molecular kinematic coefficient of viscosity, e, is
a constant (e, = 7.5 Pr4/3 5.) and
urc = (9/6,-A0,-v)'/3. Figure 1 shows an exmple of sur-
face momentum, heat and moisture (latent heat) fluxes,
as function of geostrophic wind speed, produced by the
revised scheme (S1) in a 1-dimensional (1D) version of
HIRLAM. For comparisoh the figure also includes re-
sults form two alternative parameterizations, respectively
Makin and Perov (1997) (S2) and Miller et al. (1992)
(S3). Further information about the revised scheme in
HIRLAM is given in Nielsen (1998).

€h=€q=

4. 3D RESULTS

The revised formulation (S1) has been tested in
HIRLAM 4.2 for extended periods, including the FAS-
TEX period in February 1997 and a summer period in
1998 (1 July to 13 August). The experiments have been
run in parallel with a version of HIRLAM 4.2 applying
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val is 10 W/m?. a: 24 hours forecast from 00 UTC, 10
1998.

the unmodified surface flux scheme (S0). For the data
shown in Figure 2 the applied horizontal and vertical
resolution was 0.4° and 22 levels, respectively. The 3D
parallel experiments confirm the results obtained by the
1D experiments (Figure 1). In strong winds the surface
fluxes of sensible and latent heat are considerably reduced
in the revised scheme. A typical example for the surface
latent heat flux is shown in Figure 2a. On the shown day
relatively cold air has been advected over the North sea
by near surface winds in the range from 15 to 25 m/s. At
the valid time of Figure 2a the latent heat flux forecasted
by the unmodified scheme, S0, was typically in the range
from 100 to 200 W/m? over the North Sea (figure not
shown). In S1 these fluxes have been reduced by 10 to
40 W/m?2.

An example of the enhancement of the surface latent
heat flux in S1 in weak winds is shown in F igure 2b. In
this case the integration domain was centred at 50° N ,
30 ° W over the central North Atlantic. The fluxes are 10
to 20 W/m? higher in S1 in regions with weak, mainly
anticyclonic, flow. In these regions the fluxes in S1 were
typically between 30 and 70 W/m? (figure not shown).

In the long term integrations (period 1 July to 13 Au-
gust) differences of -2 to +2 hPa in the average mean sea
level (msl) pressure patterns for S1 and SO were found.
These differences are of the same order of magnitude as
the typical msl pressure bias found on a monthly basis in
verification against observations over Europe.

The long term integrations also showed that the effect
of the change in surface flux parameterization was spread
to the whole atmosphere. An indication of this process
was a clear negative correlation between the thickness
fileds of the troposphere (1000-850 hPa, 850-500 hPa,
500-300 hPa) and the stratosphere (300-100 hPa) (fig-
ures not shown).

After extensive parallel tests, showing slightly im-




proved verification scores (bias and rms error) in the
lower troposphere relative to the operational forecasts at
the Danish Meteorological Institute (DMI), the revised
surface flux parameterization scheme was implemented in
the operational forecasting system at DMI in late Febru-
ary 1999.

5. DISCUSSION

The revised scheme S1 can be regarded as a first step
in the process of improving the parameterization of tur-
bulent surface fluxes over sea. An accurate parameter-
ization of these fluxes are of primary importance in cli-
mate simulations, but due to their significant impact on
the evolution of the atmospheric boundary layer and on
cyclogenesis over sea, accuracy is also required in short
range weather forecasting.

The scheme could probabely be further improved by
including in 2zpps a dependence of wave age cy/u. (cy
beeing the phase speed at the peak of the ocean wave
spectrum and u, the surface friction velocity). However,
such a step requires a coupling of the atmospheric model
to an ocean wave model. Furthermore, the scheme does
not take into account impacts on the surface fluxes by
processes or dependencies such as sea spray (at high wind
speeds), precipitation and variation of g,q¢(7%) with salin-
ity.

Makin (1998), has demonstrated a significant impact
of sea spary on the surface fluxes of sensible and latent
heat at wind speeds in excess of 25m/s in a numerical
model of the marine surface layer (including interaction
with sea waves).

In numerical models of tropical hurricanes it has been
found that the moisture exchange coefficient must be
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comparable in magnitude to the momentum drag coefB-
cient in order to obtain the observed intensities of tropical
hurricanes. This is another indication of an enhancement
of the moisture flux by sea spray at very high wind speeds
in the marine atmospheric boundary layer.
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Coupling of regional atmosphere and ocean models

Renate Hagedorn
Institute of Marine Research, Kiel, Germany

Abstract. The results of a three-dimensional fully coupled
regional atmosphere-ocean model for the area of the Baltic
Sea Experiment (BALTEX) are compared with simulations
of the uncoupled atmospheric model. It is shown that the
coupling effects depend not only on the occuring differences
in sea surface temperatures (SST) and the considered tempo-
ral and spatial scales. There are also other influencing fac-
tors, namely the stationarity or non-stationarity of the atmo-
sphere as well as the form of the flow pattern in relation to
the location of the differences. Due to these dependencies,
it seems that the configuration of the model domain also can
have a non negligible influence on the coupling effects.

1 Introduction

Inrecent years a growing demand for coupled regional atmo-
sphere-ocean models has been realized. They are necessary
for determining the impact of climate change on the regional
scale as well as for performing consistent simulations of the
whole energy and water cycle in a specific region. There-
fore the Baltic Sea Experiment (BALTEX), which focusses
on the investigation of the energy and water processes in
the Baltic Sea catchment area, requires a fully coupled re-
gional atmosphere-ice-ocean model. In order to contribute
to an achievement of this scientific objective — the quantifi-
cation of the energy and water cycle in the BALTEX area —
the atmospheric regional model REMO of the Max-Planck-
Institute for Meteorology in Hamburg has been coupled to
the Baltic Sea model of the Institute of Marine Research in
Kiel. Hagedorn et al. (1999) have shown that the coupled
model produces reasonable results in the modeled ocearic
component as well as in the modeled atmosphere. Therefore
no flux correction was necessary, so that a consistent model
system has been developed.

The purpose of this paper is on the one hand to describe
the differences between uncoupled and coupled simulations
on the various spatial and temporal scales. On the other hand
it is discussed under which conditions coupling effects pref-
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erentially occur. In this context it is investigated whether it is
possible to separate situations which tend to prevent or sup-
port the development of changes due to the coupling.

2 Model description

The three-dimensional fully coupled high resolution atmo-
sphere-ocean model for the BALTEX region has been devel-
oped from two independent models, the atmospheric regional
mode] REMO and the Kiel Baltic Sea mode]l BSMO.

REMO was set up at the Max-Planck-Institute (MPI) for
Meteorology in a joint effort by the DKRZ (Deutsches Kli-
marechenzentrum), DWD (Deutscher Wetterdienst), GKSS
(Forschungszentrum Geesthacht) and MPI. It is based on the
Europa-Modell (EM), the operational forecast model of the
German Weather Service (Majewski, 1991). In addition to
the physical parameterizations implemented in the EM, it is
possible to use within REMO the physics of ECHAM4, the
global climate model of the MPI (Jacob and Podzun, 1997).
However, all simulations presented in this paper have been
performed with the physical parameterizations of the EM
system. The vertical structure is formulated in the terrain-
following hybrid coordinate system with 20 model levels.
The horizontal grid is a rotated latitude/longitude grid with
a resolution of 1/6° which corresponds to &~ 18 x 18 km?
grid boxes.

The oceanic component of the coupled atmosphere-ocean
system is a three-dimensional baroclinic model of the Baltic
Sea including the Belt Sea and the Skagerrak/Kattegat area.
The ocean model has a horizontal resolution of & 5 x 5 km?
with 28 vertical levels specified (Lehmann, 1995). Addi-
tional to the atmospheric forcing which is provided by the at-
mospheric model, river runoff is taken from a monthly mean
runoff data base (Bergstrém and Carlsson, 1994). In case
of coupled atmosphere-ocean simulations the surface fluxes
of momentum, energy and fresh water (except river runoff)
which drive the ocean model are provided directly from the
atmospheric model. In case of uncoupled simulations the sur-




face fluxes are calculated from the atmospheric model data
by using bulk aerodynamic formulas (Fig. 1).

uncoupled

BSMO

coupled

BSMO

Fig. 1. Schematical depiction of forcing variables in uncoupled simulations
and exchanged fields in coupled simulations.

The coupling of both models has been organized in such
a way that the ocean model has been implemented into the
atmospheric model as an optional subroutine. Although the
ocean model is directly incorporated, the atmospheric and
oceanographic variables are not directly exchangable, mainly
because of the different grids of both models. Therefore a
coupling interface has been implemented in which the re-
spective variables are prepared for the respective model. The
mutually exchanged variables are on the one hand the SSTs
calculated by BSMO, which replace the Baltic Sea SSTs from
DWD analyses as lower boundary conditions. On the other
hand REMO has to provide the forcing for the ocean model:
latent and sensible heat fluxes, net longwave and shortwave
radiation fluxes, wind stresses, precipitation and surface pres-
sure. In uncoupled simulations of BSMO the forcing vari-
ables are 2m air temperatures, 2m humidity, 10m winds,
cloudiness and surface pressure gradient. Based on these
variables the fluxes are calculated directly in the ocean model
with different parameterizations than in the atmospheric mo-
del. However, for the establishment of a consistent model
system itis a prerequisite to carry out the coupling via the ex-
change of the fluxes across the atmosphere-ocean interface.

3. Comparison of uncoupled and coupled simulations

In this section uncoupled and coupled simulations of the time
period May to October 1992 are compared. From the at-
mospheric point of view the only difference between uncou-
pled and coupled simulations is the lower boundary condi-
- tion over the Baltic Sea, the SST. In uncoupled simulations
SSTs are prescribed from analyses, whereas in coupled sim-
ulations SSTs are provided by the Baltic Sea model. (Fig. 1).
Therefore the SST differences between uncoupled.and cou-
pled runs are the trigger for differences in the simulated at-
mospheric variables.
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The SST differences averaged over the whole simulation
period vary at different grid points between -3.1 and +2.1°C
(Fig. 2). The greatest differences occur in coastal upwelling
regions in the Western Gotland Basin and in the Gulf of Fin-
land, with large areas of negative differences over -2°C. But
there are also regions with positive SST differences, e. g. in
the Bothnian Bay. However, in most regions, in the temporal
mean the coupled SSTs are lower than the uncoupled SSTs.

SST-Difference / °C, coupled - uncoupled
Mean over: 01.05.-31.10.1992

'E 20°E 30°E

-———| D

65'N

55N

2.0 -1.6 -1.2 -0.8 -04 0.0 0.4 08 L2 16 20

Fig. 2. SST differences between coupled and uncoupled simulations in
°Celsius, averaged over the time period from May to October 1992,

3.1 Directresponse

As a direct response on these differences in SSTs, changes
in sensible and latent heat fluxes occur. Reduced SSTs cause
reduced heat and humidity fluxes from ocean to atmosphere.

‘Since the upward heat flux from ocean to atmosphere has a

negative sign, this dependency is reflected in highest positive
heat flux differences in regions with highest negative SST
differences and vice versa. For the values averaged over the
whole simulation period, differences of more than 25 Wm ™2
occur in the simulated latent heat flux (Fig. 3).

The temporal evolution of the differences in SSTs and la-
tent heat fluxes shows that at certain times and regions the
differences can be even more pronounced (Fig. 4). The time-
series at one extreme grid point, directly in the upwelling
region of the western Gotland Basin, reveal that a 6°C cool-
ing in SSTs is related to a reduction of about 100-150 Wm™2

=
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Fig. 3. Latent heat flux differences between coupled and uncoupled simula-
tions in Wm—2, averaged over the time period from May to October 1992.

in latent heat fluxes. In the temporal mean at this gridpoint
the SST is 2.1°C lower and the latent heat flux is diminished
by 29.5 Wm~2 in the coupled simulation. The differences
averaged over the whole Baltic Sea are of course lower. But
also these timeseries show almost always negative SST dif-
ferences, and resulting from this, reduced latent heat fluxes.
The greatest differences occur in June and July with a 2.5°C
lowered SST and -about 30 Wm~2 reduced latent heat flux.
In the temporal and spatial mean over the whole simulation
period and the whole Baltic Sea a 0.6°C lower SST and a 7.1
Wm™2 reduced latent heat flux occurs in the coupled run.
The different heat fluxes result also in temperature and hu-
midity changes in the atmosphere. This can be seen in Fig. 5,
in which SST differences with occuring differences in the
950 hPa temperature are compared. On the one hand the
2.5°C reduced SST in June is directly reflected in an about
0.3°C lowered 950 hPa temperature. These relatively minor
changes in the 950 hPa temperature are caused by a vertical
and horizontal spreading of the locally restricted SST differ-
ences to the surrounding areas in the atmosphere of the larger
model domain. On the other hand later in September/October
greater differences of up to 0.6°C occur, although the SST
differences at that times are only at a lower level. This in-
dicates that also another factor influences the air tempera-
ture differences, namely a so-called indirect effect. Indirect
effect stands for changes not directly caused by differences
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Fig. 4. Timeseries of differences between coupled and uncoupled simula-
tions, Upper panel: latent heat flux differences in Wm™2, lower panel: SST
differences in °C; green lines: values averaged over the whole Baltic Sea,
black lines: values at a single coastal grid point in the western Gotland Basin
upwelling region.

in heat fluxes, but caused by dynamical changes like move-
ments of pressure systems. These changes in the dynam-
ics are of course also triggered by SST differences, but un-
der certain circumstances they can drastically increase. In
connection with a displacement of larger air-masses, these
enhanced temperature differences occur, despite of the rela-
tively low SST differences at those times.

But the question is why at times with highest SST differ-
ences not the highest differences in the dynamcs occur. There
must be other influencing factors, which prevent or support
the development of differences in the dynamics. To find out
these features, the concept of composites will be applied.

Difference coupled - uncoupled, Baltic Sea
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Fig. 5. Timeseries of differences between coupled and uncoupled simula-
tions. upper panel: 950 hPa temperature differences in °C, lower panel:
SST differences in °C.




High MSLP-RMS Composite
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Low MSLP-RMS Composite
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Fig. 7. Composites of the mean sea level pressure and 10m wind Tield at high index situations (left) and low index situations (right).

3.2 Conditions for changes in dynamics

The principle of this method is to construct an index and con-
sider the mean state of different variables at high or low index
times (von Storch and Zwiers, 1999). In this case the root
mean square (RMS) difference of the mean sea level pres-
sure (MSLP) of uncoupled and coupled simulations serves
as index (Fig. 6). The simulation was extended up to the
end of November, because the differences at the end of Octo-
ber seems to be increasing. It was investigated whether this
was only a temporal restricted signal or whether possibly a
non decreasing error growth occurred. But it turned out that
this was only a sequence of some events, with one strong
event directly at the end of October and afterwards decreas-
ing differences. The comparison of the MSLP-RMS with the
triggering SST-RMS (Fig. 6) once more points out that the

~changes in the dynamics are not only dependent on the SST
differences. On the one hand there are peaks in the MSLP-
RMS at times with high SST-RMS, but on the other hand the
greatest peaks in MSLP-RMS occur at later times with lower
SST-RMS.

To get an idea about the reason for that, the composites
of the mean state of the atmosphere at high and low index
situations were constructed. It turned out that the pressure
and wind fields in these two situations are evidently different
(Fig. 7). In high RMS situations the determining pressure
system is concentrated just at the western boundary, and an
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Fig. 6. Timeseries of root mean square differences between coupled and
uncoupled simulation. upper panel: Mean sea level pressure RMS in
hPa (serves as index for constructing the composites, green/red dots mark
high/low index situations); lower panel: sea surface temperature RMS in
°Celsius.

overall more meridional circulation prevails. In contrast to
that, in the low RMS situation a more zonal flow occurs. But
what is the essential difference of these situations, that high
or low MSLP differences occur? After investigating various
features of these situations, it seems to be that the stationarity
of the pressure sytems is an important factor. That means the




duration for which a pressure system stays inside the model
area, or inversely the renewal time of the air-masses caused
by the constraints of the lateral boundary conditions supports
or prevents the development of differences. As a representa-
tion of the stationarity of the atmosphere, the composites of
the temporal pressure gradient were constructed (not shown).
In high MSLP-RMS situations an evidently lower tempo-
ral pressure gradient occurs, i.e. greater differences in the
dynamics are related to more stationary situations and vice
versa. This points out that the stationarity of the atmosphere
Is a factor to seperate between situations which support or
prevent the development of coupling effects.

3.3 Spatial and temporal scales

To give an example of the changes in the energy and water
cycle, which can occur on the different scales, the total pre-
cipitation and evaporation as well as the residual component
P-E from May to October 1992 is presented in Tab. 1. An ex-

Table 1. Mean precipitation and evaporation from May to October 1992
in uncoupled (UC) and coupled (C) simulations. Values are given for one
coastal grid point in the western Gotland Basin upwelling region, for the
whole Baltic Sea and for the whole BALTEX area.

| May-0ct 1992 | Prec/mm | Evap/mm | P-E/mm |

coastal grid point:  UC 279 393 -114
C 195 206 -11

C-ucC -84 -187 103

Baltic Sea: UC 277 352 -74

C 262 307 -45

C-ucC -15 -45 29

BALTEX area: UC 290 234 56

C 286 224 62

C-UC -4 -10 6

treme reduction occurs in the values of the coastal gridpoint,
with a 84 mm or 30% reduced precipitation, from 279 mm
in the uncoupled simulation to 195 mm in the coupled sim-
ulation, and a 48% reduced evaporation. The residuum P-E
represents in this case more or less the whole advective com-
ponent, because for this long term mean the changes in the
water storage of the atmosphere are negligible. That means
negative values represent humidity divergence, positive val-
ues humidity convergence. The reduced humidity input in
the coupled run due to the reduced evaporation is therefore
balanced by a reduced precpitation as well as by the 90%
reduced humidity divergence.

The mean values over the larger areas do not show such
extreme differences, but partly also on this scale there are
remarkable deviations. In the Baltic Sea region, the 13%
reduced evaporation is once more balanced by reduced pre-
cipitation and reduced bumidity divergence. For the whole
BALTEX area positive values for P-E occur, which stand for
humidity convergence. The higher value in the coupled sim-
ulation mainly does not result from higher humidity conver-
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gence through inflow, but from lower humidity divergence at

the outflow boundaries. In general, the small resulting differ-
ences over the whole BALTEX area are not caused by locally

restricted difference signals, but they are mainly due to the
compensating character of the spreading differences. Never-
theless, it is remarkable to what extent this in the temporal
and spatial mean 0.6°C lower SST can influence the energy
and water budget on local as well as on regional scales.

4 Conclusions

The comparison of uncoupled and coupled simulations shows
clearly that the coupling effects depend on SST differences,
which are the trigger of the changes. It was also demon-
strated that the order of the changes is strongly related to
the considered temporal and spatial scales. But there are
also other influencing factors, namely the stationarity or non-
stationarity of the atmosphere as well as the form of the flow
pattern in relation to the location of the differences. Depend-
ing on these factors, occuring changes are either supported
due to a longer stay inside the model area, or in the other
case removed due to a renewal of the atmosphere caused by
inflow through the lateral boundaries.

Due to these dependencies, it seems to be that the con-
figuration of the model domain also can have a non negligi-
ble influence on the coupling effects. Therefore it is worth
noting that these findings about the coupling effects are de-
rived only from this specific model configuration with the rel-
atively small Baltic Sea inside the whole model] area. Keep-
ing this in mind, it is expected that in other regions, for in-
stance in the North Atlantic region, or under other condi-
tions, maybe under winter conditions with changes in the
sea ice distribution, the coupling effects will be even more
pronounced. For this reason it would be certainly useful to
compare the findings from this coupled BALTEX model with
results from other regional coupled models.
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Choices for parameterization
of turbulence in the Baltic Sea

H.E. Markus Meier

(Swedish Meteorological and Hydrological In-
stitute, Rossby Centre, S-60176 Norrkoping,
Sweden)

1 Introduction

Mixing plays a dominant role for the physics
of an estuary like the Baltic Sea. Diffusion
controls the vertical salt flux across the halo-
cline and causes a permanent inflow of Katte-
gat water into the bottom layer of the Baltic
Sea.

Wind stirring at the sea surface generates
turbulence and a well mixed layer is formed
which has in summer a depth of about 20 —
30m and reaches in winter the permanent
halocline. The upper ocean heat content is
distributed over the mixed layer so that the
sea surface temperature depends very sensi-
tive on mixing and alters the heat fluxes at
the sea surface which are functions of the air-
- water temperature difference.

Due to the outlined importance of mixing pro-
cesses a regional high resolution model of the
western Baltic Sea with open boundary con-
ditions in the Kattegat and Bornholm Basin
(Meier, 1996) is used to test different mixing
parameterizations. This model has a resolu-
tion of 1 nautical mile in horizontal and 3 m
in vertical direction, respectively. Simulations
with realistic initial and forcing fields are car-
ried out for the BALTEX test year 1992/93
and the results are compared to observations.

Artificial trends as result of inaccuracies of
the used mixing scheme show up clearly
in multi-year simulations. Within SWE-
CLIM (Swedish regional climate modelling
programme) a 3D coupled ice-ocean model for
the Baltic Sea has been developed for multi-
year integrations (RCO - the Rossby Centre
- Ocean model, c.f. Meier et al., 1999; Meier,
1999). A massively parallel processor archi-
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tecture makes it possible to overcome compu-
tational limits using 3D Baltic Sea models for
longterm integrations. Sensitivity and pro-
cess oriented studies for the period May 1980
until September 1993 are performed to test
several mixing schemes and to figure out the
role of deepwater mixing within 3D models.
Therefor, a horizontal resolution of 6 nautical
miles and 41 vertical levels with layer thick-
nesses between 3 and 12 m have been used.
RCO is started from realistic initial condi-
tions and forced with observed atmospheric
fields from the SMHI database (Lars Meuller,
pers.comm.).

The paper is organized as followed: In Section
9 different mixed layer models are discussed
with respect to Baltic Sea application. In Sec-
tion 3 the embedded k — e turbulence model is
introduced and model results are compared to
data. New surface flux boundary conditions
for turbulent kinetic energy and dissipation
are discussed in Section 4. Deepwater param-
eterization and results of multi-year simula-
tions using RCO are shown in Section 5. The
paper ends with a summary.

2 Comparison of different
mixed layer models

In a first step local parameterizations are
studied, e.g., the Richardson number depen-
dent friction according to Pacanowski and
Philander (1981) or the scheme according to
Kochergin (1987), which is based on the re-
duced turbulent kinetic energy (TKE) equa-
tion without diffusion. The mixed layer depth
in case of the Richardson number dependent
parameterization is underestimated systemat-
ically compared to more realistic results of a
second-order moment turbulent closure model
(Fig.1) or observations (Fig.2), because these
local schemes neglect the diffusion of TKE. It
is impossible to tune these simple models for
all the different physical regimes.

In a second step a reduced Kraus-Turner type




model (Niiler and Kraus, 1977) is embed-
ded into the regional Baltic Sea model. The
change of potential energy within the water
column which is available for mixing is calcu-
lated directly from the supplied wind work at
the surface. The simulations lead to surface
mixed layers which are too homogeneous, and
the turbulent bottom layer is missing com-
pletely. In fact, these results are not surpris-
ing because of the philosophy of vertical inte-
grated slab models.

In a third step a turbulence model is tested
consisting of the prognostic equation for TKE
and a diagnostic equation for the turbulent
length scale according to Gaspar et al. (1990).
Approximately, the length scale is calculated
from the square root of TKE divided by the
Brunt-Vaisild frequency. Again the mixed
layer depth is underestimated so that the ver-
tical diffusion and/or the surface flux of TKE
has to be enhanced unphysically to get ade-
quate results (see Blanke and Delecluse, 1993;
Meier, 1996). The reason for the underes-
timation might be that the vertical shear of
velocity is not included into the length scale
formulation as suggested by Willebrand (pers.
comm.).

From these results I conclude that diffu-
sion and viscosity within the 3D Baltic Sea
model should be parameterized by an embed-
ded second-order moment turbulence closure
model.

3 Embedding a k — ¢ tur-
bulence model into a 3D
Baltic Sea model

As shown by Baumert et al. (1997), the two
commonly used second moment turbulence
closures, the k£ — e (Svensson, 1978; Rodi,
1993) and the k — ! model (Mellor and Ya-
mada, 1982), can be written in a canonical
presentation. Despite the parameterization
of the interaction of turbulence and stratifica-
tion, the two model types behave rather sim-

109

ilar. It is decided to use the k — € model. Ad-
ditionally, two prognostic equations for TKE
and for dissipation of TKE has to be solved
at every grid point of the three-dimensional
model:

Ok ‘9(’”%>:P+G—e, (1)

8t 8z \oy Oz
8¢ O (v Be
SR et Rl 2
8t Oz (06 32) (2)
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Here, k denotes TKE, ¢ dissipation of TKE, 14
the turbulent friction coefficient, v and v hori-
zontal velocity components and N the Brunt-
Viisald frequency. The constants are given
in Table 1 according to Rodi (1993). In case
of unstable stratification the constant c.3 is
set equal to 1 to ensure complete mixing be-
tween adjacent grid boxes. The turbulence

O¢
1.3

Ce2 Ce3 | Ok
1921 0 1

Cel
1.44

Cu
0.09

Table 1: Constants of the k — € model (Rodi,
1993).

model gives no information about the turbu-
lent Prandtl number o; so that an empiri-
cal formula has to be used to complete the
mixing scheme. In several experiments we
get the best results using a Richardson num-
ber dependent Prandtl number (Blanke and
Delecluse, 1993).

1 : Ri<02
or=14{ 5Ri : 02<Ri<?2 (6)
10 2 < Ri




Here R: denotes the gradient Richardson
number. A constant turbulent Prandtl num-
ber results in a too strong erosion of the halo-
cline. It turned out that probably the greatest
problems of the £ —e model are related to the
unknown turbulent Prandtl number and the
unknown constant ce3 (see also Burchard and
Baumert, 1995).

The solar insolation is calculated by using
the method of Paulson and Simpson (1977)
with two extinction lengths which were deter-
mined from climatological data of the Baltic
Sea (Tab. 5.3.1 in Dera, 1992) using a least-
squares fit.

4 Surface flux boundary con-
ditions for the k — ¢ model

Commonly, Dirichlet boundary conditions are
used for the k — ¢ turbulence model. At the
surface a logarithmic boundary layer is as-
sumed with balance between shear produc-
tion P and dissipation € (Svensson, 1978):

P+G2e, ltn(2—-2 (7

with von Kdrmén’s constant « and roughness
length zg. In case of high vertical resolution
these boundary conditions are only slightly
dependent on the surface roughness length.
Within the boundary layer dissipation decays
inversely proportional with the distance from
the surface. Contrary, measurements show
that dissipation decays much faster with the
second or third power (see Craig and Ban-
ner, 1994; Craig, 1996). Due to breaking
surface gravity waves a turbulence enhanced
layer is developed which controls the vertical
flux of TKE from the wave field to the mixed
layer interior. Therefore, flux boundary con-
ditions are included which are calculated from
an analytical solution of the TKE equation
based on the assumption of a balance of TKE
diffusion and dissipation (Craig and Banner,
1994):

(9 UVt (9k ! 1
"a‘; (;};5;)—6, l—-K,(Zo—z) . (8)
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From the assumed balance (8) the following
flux boundary conditions are derived:
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and ¢y = 0.16. The value of the constant a.
is given by
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Further, u, is friction velocity, By surface
buoyancy flux, m = 100 a constant given by
Craig and Banner (1994) and Az =3m is the
vertical grid distance. The surface roughness
length is calculated from Charnock’s formula
(Charnock, 1955):

Uy
Zp =Qa —

g
with « = 1400 (Ly, 1990).

(13)

It has been shown that the results of the k—e
model converge towards the approximate so-
lution from which the flux boundary condi-
tions are calculated. The depth of the tur-
bulence enhanced surface layer depends only
from the roughness length. The approach
of the here derived flux boundary conditions
makes only sense as long as the depth of the
turbulence enhanced surface layer is larger
than A z/2, i.e., 2z > 35cemif Az= 3m.

It turned out that the main difference
between Dirichlet and Neumann (or flux)
boundary conditions is the dependence on the
surface roughness length in the range between
10cm up to 1m. In case of flux boundary
conditions the friction coefficients are much
more sensitive against changes of the rough-
ness length than in case of Dirichlet boundary




conditions.

Results of the improved turbulence model are
shown in Fig.la and Fig.2.

5 Deepwater mixing

The Baltic Sea is a stratified estuary with a
halocline preventing surface generated wind
mixing to influence deeper layers on seasonal
time scale. For climate studies deepwater
mixing needs to be taken into account. The
k — € model must be extended to include a
parameterization for breaking internal waves:

) ag

. [«
v = Vs + oy min (-ﬁ,().5cm s

with @ =0.5-10"3em?2s7 2.

S

Results of a multi-year simulation using RCO
are shown in Fig.3 compared with observed
profiles at the monitoring station Gotland
Deep. For the time period May 1980 until
July 1993 102 profiles with sufficient qual-
ity are available. The model profiles have
been extracted at the same dates as the data.
The simulated thermocline depths are in cor-
respondence with the observations. In some
years they are slightly underestimated indi-
ca,tlng an inaccuracy of the used atmospheric

ng.During the 16 year long stagnation
wtween 1976 and 1992 the salinity in
the deeper layer of the Baltic Sea decreases
remarkable. The simulated isohaline depths
agree well with the observations. Without
deepwater mixing the vertical salt flux across
the halocline is much too small (not shown).
The optimized parameter o is smaller than
estimates from budget calculations for the
Baltic Sea (Axell, 1998) because in the model
coastal mixing in up- and downwelling regions
contributes to the basin wide halocline diffu-
sion. Artificial numerical diffusion is unim-
portant.
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6 Summary

Two different 3D Baltic Sea models have been
used for testing of different mixing parame-
terizations. The k — € model gives the best
performance in comparison with available ob-
servations. The turbulence model is improved
by flux boundary conditions parameterizing
the turbulence enhanced layer due to break-
ing surface gravity waves. The derivation of
equations is outlined. For multi-year simula-
tions the k — ¢ model must be extended to in-
clude a parameterization for breaking internal
waves. Therefore, deepwater mixing has been
added. It is shown that the time development
of the halocline in the Baltic proper during
the stagnation period between 1980 and 1992
is modeled realistically. The successful simu-
lation of more than 10 years using a 3D Baltic
Sea model represent a milestone progress be-
cause it was unclear a year ago if artificial
numerical diffusion erodes the halocline nec-
essarily.
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Figure 1: Isotherm depths (in °C') from September 1992 until September 1998 at Bornholm
Deep: k — € turbulence model (a), Richardson number dependent friction (b). :
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