COST Action 710

Harmonization in the Preprocessing of Meteorological Data for Atmospheric
Dispersion Models

Report of Working Group 1

SURFACE ENERGY BALANCE

Ulrike Pechinger (chairman)
Ernst Dittmann

Gerhard Erbes

Per-Erik Johansson

Ari Karppinen

Luc Musson-Genon

Gunnar Omstedt

Philippe Tercier

December 1997



COST 710 - WG Surfuce Inergy Balance 3

Ulrike Pechinger: Central Institute for Metcorology and Geodynamics,

Vicnna, Austria

Gerhard Erbes: Central Institute for Meteorology and Geodynamics,

Vicnna, Austria

Per-Erik Johansson: Division of Environment and Protection, National

Dcfence Research Establishment, Umea, Sweden

Ari Karppinen: Finnish Mcteorology Institute, Helsinki, Finland
Luc Musson-Genoh: EDF/DER/ENYV, Chatou Cedex, France
Gunnar Omstedt: Swedish Metcorology Institute, Norrkdping, Sweden

Philippe Tercier: Swiss Meteorology Institute, Payerne, Switzerland-



COST 710 - WG1 Surface Energy Balance

COST 710 WORKING GROUP 1 - SURFACE ENERGY BALANCE

List of Figures 7
List of Tables 9
List of Abbreviations and Symbols 11
1. Introduction (Pechinger) 17
2. Overview of Methods 19
2.1 The profile method (Musson-Genon) , 20
2.2 The resistance method (Omstcdt) : 27
2.3 Parameterization of ground hcat {lux (Tercicr) 32
2.4 Surface energy balance models (Dittmann) 35
2.5 Output of numerical weather prediction models (Dittmann) 38
3. Data Sets 39
3.1 Input data for cach of the methods (Dittmann, Musson-Genon, Omstedt) 39
3.2 Satellitc data (Dittmann) 41
4. Intercomparison Studies 43
4.1 Earlier work (Omstedt) 43
4.2 Intercomparison of methods (Karppincn) 44
4.3 Intercomparison of methods with obscrved data (Johansson, Erbes,
Pcchinger, Musson-Genon) 49
4.4 Intercomparison of calculated ground heat flux with data (Tercier) 67
5. Limitations (all) 73
6. Summary of Results (Pechinger) 75
7. Recommendations (all) 78
Acknowledgements 79
ANNEX A (Dittmann) 80
International comparison of NWP models 80
Short description of the Europe-Modell (EM) and its output 80

Input data for the Europe-Modell (EM) 80



6 Surface Energy Balance

COST 710 - WGl

ANNEX B (all)

8. List of References

9, List of some Data Sets
List ol recognized exisling data sets concerning surface cnergy balance
List of recognized existing data sets concerning flux-gradient relationships

List of some data sets concerning the resistance mcthod

10. List of some Preprocessing Methods with Available Programs

87
87
93
93
93
93

94



COST 710 - WG1I Surface Energy Balance

List of Figures

Fig. 2.2.1: Family tree showing the relationship beiween the preprocessors

discussed in the report. See the cxplanation below [or details.

Fig. 2.3.1: Measurcd ground heat flux {rom three heat {lux plates, installed at 8 cm
depth

Fig.4.2.1: Nel radiation estimates by FMI (HU)- and SMHI (BP) preprocessor
models as function of solar clevation, temperature and cloudiness (in

octas)

Fig. 4.2.2: Quantile-quantile plot of nct radiation (Ry) in W/ m2, estimates by the
FMI(HU) and NERI(BP) schemes.

Fig. 4.2.3: Quantile-quantile plot of estimatcs of sensible heat flux H in W/m2.

Fig. 4.2.4: Density distribution of thc inverse Monin-Obukhov lengths (1/L -)
in 1/m.

Fig. 4.3.1.1: Mcasured values of friction velocity compared to calculated ones. The
left panel shows the result for the SMHI meteorological preprocessor and
the right panel thqse for FMI.

Fig. 4.3.1.2: Comparison of the calculated friction velocity {from the two

preprocessors.

Fig. 4.3.1.3: Measured values of sensible hcat {lux compared to calculated ones.
The Icft panel shows the result for the SMHI meteorological preprocessor
and the right panel those for FMI.

Fi

-

g. 4.3.1.4. Comparison of the calculated sensible heat flux from the two

Preprocessors.

Fig. 4.3.1.5: Mcasured values of net radiation compared to calculated ones. The
left panel shows the result for the SMHI meteorological preprocessor and
the right panel those for FMI.

Fig. 4.3.2.1: Friction velocity, with the following comparisons: a) OML-Marsta, b)
FMI-Marsta, c) OML-Tisby, d) FMI-Tisby, ¢) OML-FMI, and f) Marsta-
Tisby. The correlation coefficients are given by R.



8 Surface Lnergy Balance COST 710 - WG1

Fig. 4.3.2.2: Scnsible heat flux, with the following comparisons: a) OML-Marsta,
b) FMI-Marsta, c) OML-Tisby, d) FMI-Tisby, ¢) OML-FMI, and )

Marsta-Tisby. The correlation coclficicnts are given by R.

Fig. 4.3.2.3: Net radiation, with the [ollowing comparisons: a) OML;Marsta, b)
FMI-Marsta, ¢) OML-Tisby, d) FMI-Tisby, €) OML-FMI, and f) Marsta-
Tisby. The correlation coefficients are given by R.

Fig. 4.3.2.4: Inversc Monin-Obukhov length [requencics for the following:
a) Marsta, b) Tisby, c) OML, and d) FMI.

Fig. 4.4.1: Diurnal variations of the mcasured (dashed lines) and the calculated
(solid lines) ground heat flux at the surface. Comparison for three days
and 5 methods.

Fig. 4.4.2: Left: depth in the soil at wich the diurnal amplitude of the temperature
is cqual to one degree C for a given amplitude at the surface and for 3
values of the soil thermal diffusivity. Right: annual variation of
temperature in the soil, ANETZ-station Payerne (average over 6 years)

Fig. 4.4.3: Left: ground heat flux at the surface determined from measured net
radiation with the commonly proposcd proportionality factors of 0.1 for
the day and 0.5 for the night versus measured ground heat {lux at the
surface. Right: linear best (it bctween measured net radiation and
measured ground heat flux at the surface. The day-night limit is given by
the value of the total incoming radiation > 5 W/m2. Measurements taken
at Payerne from August 1995 to July 1996.

Fig. 4.4.4: Left: ground heat flux at the surface determined with the force-restore
method using a sinusoidal function for T,, versus measured ground heat
flux at the surface. Right: same as left, but using the measured soil
temperature at 10 cm for T, Mcasurcments taken at Payerne from
August 1995 to July 1996.

Fig. A 1: Global mean surface energy budget averaged over the 4 scasons. CI is an
annual mean climatology preparcd by Ramanathan et.al. (1989), CI2 are
climotological values from Morel (1994). E is ECMWE, J JMA,
N NMC(USA), U UKMO, SH sensible heat, LH latent heat, NSW net
shortwave radiation, NLW net longwave radiation, NHF nct heat flux.
Upward fluxes indicated by a hyphen after abbreviation.



COST 710 - WG1 Surface Energy Balance

Fig. A 2: Components of the encrgy cycle for a mean over 31 EM [orccasts. Mean
over total EM domain and 6 - 30h. 1 - 30 Oclober 1995.

List of Tables

Table 1: Values of surface-layer constants, where k is the von Karman constant,
P,y is the neutral turbulent Prandtl number and B and y are experimental
constants appearing in the expressions for the Monin-Obukhov stability
functions (¢ ,)and (¢,) .

Table 2.2.1: Typical values of the surface moisture parameter o, .

Tablc 3.1.1: Calculated paramcters using the Berkowicz and Prahm heat [lux
method ( BP) and their dependence on meteorological data and other
calculated surface parameters.

Table 3.1.2: Calculated parameters using the Holtslag and van Ulden heat flux
method ( HU ) and their dependence on meteorological data and other

calculated surface parameters.

Table 4.3.1.1: Relative distr;bution of the stability classcs. The classilication is
based on measured surface fluxcs (1 hour averages) or calculated surface
fluxcs from the two preprocessors (onc valuc every 3:xd hour). The
translation of the L*-Values into Pasquill stability classes are according to
Golder, 1972.

Table A 1: The Europe-Modell (EM) of the DWD.

Table A 2: Example of data assimilation and analysis of atmospheric {iclds in NWP
models.

Table A 3: Example of data assimilation, analysis ol surlace parameters, and initia-
lization in NWP models.



COST 710 - WG1

Surface Energy Balance

11

List of Abbreviations and Symbols

1. Abbreviations

ABL
CBL
ETP
EZ
ML
MH
MOST
MTP
LES
L
SBL
SL
SR
SS
TKE

2. Symbols

A

Ay By, Gy
Bo

Cp, Cs, Cy
CT21 CV2’ (:N2

o
h-]

w

o
v

H» KM

*

t‘*"'?ﬁﬁ?ﬁé“-‘-"tﬁ"" o megu

Atmospheric Boundary Layer
Convective Boundary Layer
Evening Transition Period
Entrainment Zone

Mixing Layer

Mixing Height
Monin-Obukhov Similarity Theory
Morning Transition Period
Large-Eddy Simulation
Low-Level Jet

Stable Boundary Layer
Surface Layer

SunRise

SunSet

Turbulent Kinetic Energy

(surface) albedo

universal functions in resistance and heat transfer laws

Bowen ratio

drag ~, geostrophic drag ~ and bulk heat transfer coefficients
structure parameters for temperature ~, wind velocity ~ and refractive
index fluctuations

specific heat at constant pressure

direct beam incoming shortwave radiation

diffuse incoming shortwave radiation

displacement height

turbulent kinetic energy

water vapour pressure, saturation water vapour pressure
Coriolis parameter

acceleration of gravity

sensible heat flux

mixing height

solar constant

turbulent exchange coefficients (eddy diffusivities) for heat and momentum
outgoing shortwave radiation

net shortwave radiation

(spectral) wave number (k = 2n / )

any length scale



12

Surface Lnergy Balance

COST 710 - WG1

Oy, OMm, Ow

B

Monin-Obukhov length (L. = - u.’ / (W'©") x )
incoming longwave radiation

outgoing longwave radiation

net longwave radiation

latent heat flux

mixing length

latent heat of evaporation

mass

Brunt-Viisili frequency (Ngy = (BYe)'")
fractional cloud cover

Prandtl number (Pr = K/Ky)

air pressure

ground heat flux

specific humidity

global radiation

net radiation

relative humidity

Richardson number (general)

bulk / gradient / flux Richardson number

net radiation

mixing ratio

sodar backscattered sound signal intensity
temperature

dewpoint temperature

Eulerian time scale of atmospheric turbulence
Lagrangian time scale of atmospheric turbulence
time

X, y-components of the horizontal wind vector
x, y-components of the geostrophic wind vector
friction velocity

(horizontal) wind speed

geostrophic wind speed

vertical wind component

large-scale vertical velocity

convective scaling velocity (w« = (B h (w‘@')o)” 3)
height coordinate

base level height of an elevated inversion
roughness length

Priestley-Taylor parameter
wind direction

exponents in the similarity relationships for the vertical profiles of (W'@"),,

T, and cw2
buoyancy parameter (8 = g/ T)



COST 710 - WG1 Surfuce Energy Balance 13

Brm parameter in the MOST universal functions for the profiles of temperature
and wind

Y, Yo vertical gradient of temperature / potential temperature

€ TKE dissipation rate

Q, 0, potential and virtual potential temperature

O. temperature scale (©. = - (W'®"),/ u. in the SL and @, = - (W'O")/ wu in
the CBL)

6, zenith distance angle

K von-Karman constant (k_= 0.4)

A wavelength

G, Gn stability parameter (¢ = z/L or ¢, = h/L)

p air density

Gy standard deviation of wind direction fluctuations

o, standard deviation of lateral wind speed fluctuations

0.’ vertical velocity variance

T shear stress

) geographical latitude

Dy, Oy MOST stability functions

) angular rotation of the earth

(w'e") kinematic (potential) temperature flux

In addition, the following notations will be applied:

Index "0" refers to values determined at the earth surface (or within the surface layer)
Index "h" refers to values at height z = h.

Values averaged over the whole mixed layer are characterized by an overbar 7.
Angle brackets () indicate an ensemble average.



14

Surface Energy Balance COST 710 - WG1

Additional list of symbols

R,
G

K1
L
Lt

Qe
Qs

K*

L*

Bo

As

Ps

Cs

J kg" K*?

net radiation (at ground lcvel, all wave lengths)
incoming short-wave or global radiation
outgoing short-wavce radiation

incoming long-wavc radiation

outgoing long-wave radiation

sensible hcat {lux

latent heat [lux

ground heat {lux

albedo

net short-wave radiation

net long-wave radiation

emissitivy

Stefan-Bollizmann constant

Bowen’s

thermal conductivity of the soil

soil tempcrature

soil density

specific heat capacity of the soil




r

COST 710 - WG1

Surfuce Energy Balance . 15

Additional list of symbols

Qs
Ps
Nt
N,

Ns
Ta

Ts

Yo
Gs

kinematic wind flux

kinematic specific humidity flux

integrals of most stability functions

neutral turbulent Prandtl number

wind, potential temperature differences between two levels in the SL
wind and temperature drag coefficient

bulk Richardson number

thermal roughness height

(modified) Priestlcy-Taylor paramcter
coefficient in modificd Pricstlcy-Taylor formula
total cloud cover in octas

amount of low clouds in octas

amount of medium-high clouds in octas

amount of high clouds in octas

acrodynamic resistance

surface resistance

the gradient of the saturatcd vapour pressure with respect to temperature
the psychrometric constant

the satured specific humidity



COST 710 - WG1 Surface Energy Balance 17

1. INTRODUCTION

Models for calculating short-range dispersion [rom point sources for regulatory purposes
rcquire information on the state of the atmospheric boundary layer from standard
meteorological data. While traditional Gaussian plume models still usc simple stability
classification schemes bascd on routinely available measurcments to describe the state of the
atmosphcre, recent dispersion models require more sophisticated information on the state of

the boundary layer.

Many atmospheric dispersion models usc similarity theories to calculate the necessary
dispersion parameters. Measurements of the surface fluxcs of momentum and heat are needed
to use the similarity approach. Such mecasurements, however, are not routinely available. Thus
metcorological preprocessors have been developed to estimate the surface fluxes from

routinely available observations like cloud cover, wind speed, temperature, elc.

The COST 710 - action “Harmonization in thc Preprocessing of Meteorological Data for
Atmospheric Dispersion Models* is a European wide project to test, compare and harmonize
some of the sub-modules entering thesc diffusion models.

Working group 1 of COST 710 has addressed the methods for calculating the surface energy
balance and for parameterizing the atmospheric heat and momentum fluxes and the ground
heat [lux. Meteorological data needed for input and cvaluation are discussed. Two commonly
used preprocessors in European dispersion modcels are the schemes suggested by Berkowicz
and Prahm, 1982 (BP) and Holtslag and van Ulden 1982,1983 (HU). In various studies in the
present report these schemes (in various implementations) arc intercompared and compared
against data. The determination of roughness length, net radiation and soil moisture is not

addressed.
The report is structured as follows:

Chapler 2 contains a description of differcnt models for calculating the surface energy balance
(with a description of the profile method for the detcrmination of fluxes in the surface layer)
and an overvicw on measuring and modelling the ground hecat {lux. As examples of the
resistance method the BP and HU heat flux schemcs are describcd. The BP scheme is in use at
the Swedish Metcorological Institute. At the Finnish Metcorological Institute a modification of

the HU scheme [or application at high latitude regions is used.

Chapter 3 summarizes the necessary metcorological data needed as input for the profile
method, [or the resistance method and for numerical weather prediction models. Also the kind
of data that is nccded for the evaluation of the meteorological preprocessors, is addressed. The

usc of satellitc data for model input and evaluation is discussed.
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Chapter 4 presents intercomparison studics carricd out within the WG 1 of COST 710:

- In onc study, the Finnish and the Swedish schemes (based on th HU and BP schemes,
respectively) were intercompared. This study aimed to investigate the properties of the two
schemes relative (o each other and did not involve direct comparisons with observations. One
year of data {from Southern Finland was uscd to derive frequency distributions etc.

- The Finnish and the Swedish schemes were intercompared with 3 months of meteorological
data collected under stable, low wind speed winter conditions and snow covered surface at
Umed airport in Sweden. The BP and thc HU scheme have been developed for mid-latitudes
with grass covered surfaces. One of the questions was, how well they would perform for such
typical Northern European winter conditions.

- To extend these comparisons both schemes were also intercompared with 4 months of data
for high-latitude spring and summer conditions obtaincd {from the NOPEX campaign.

- A comparison of the profile method and the resistance method was also carried out with data
from the surroundings of Paris during a poltution cpisode.

- Daily variations of the soil heat fluxcs calculated with 5 different methods arc compared with
Swiss data [or three selected d‘ays.

- A statistical analysis of calculated and measurcd soil heat fluxes is carried out for one year of
data from Switzerland.

Limitations concerning the use of the different methods, the determination of some of the
boundary layer parameters and the siting of instruments is addressed in chapter 5.

Chapter 6 is a summary, while chapter 7 provides also recommendations regarding the use of
the methods, improvements of measuremcnt and data sets. Various additional material is
contained in chapters 8 to 10 (referenccs, a list of available data sets and a list of preprocessing
methods with available programs).
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2. OVERVIEW OF METHODS AND MODELS

The basic formula for the surface encrgy balance is
Ro=H+ Qs+ Qg @1

where R, is the net radiation, H the scnsiblc heat [lux, Qg the latent heat flux, and Qg the
ground heat {lux. Methods and modcls, described in this chapter, deal with the evaluation of
thc components of equation (2.1) and their partitioning. The components of Equation (2.1) are
important in order to use the similarity approach for calculating dispersion parameters.

The profile method is used to determine the turbulent sensible heat flux using the universal
functions of wind speed and temperature for the surface layer of the atmospheric boundary
layer according to the Monin Obukhov similarity theory. The latent heat flux may be calculated
by analogy, depending on the availability of humidity data at different heights within the
surface layer.

The resistance method estimates the nct radiation by using regression relations with cloud
cover, solar elevation and sometimes additionally with air temperature, wind speed and global
radiation. Then, relations similar to Ohm’s resistance law are used to calculate the sensible and
latent heat {luxes. The resistance to the [luxes is split into an aerodynamic and a surface part.

The ground heat flux often is calculated as a proportional part of the net radiation. But there
are more refined methods and models for this component of the surface energy balance
equation, as shown in chapter 2.3.

w
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2.1 THE PROFILE METHOD

2.1.1 Similarity profiles

The profile method is commonly used to determine fluxcs in the Surface Layer (SL) of the
atmospheric boundary layer.

This method uses the SL laws deduced from the Monin Obukhov similarity theory in order to
determine the fluxcs of sensible heat and momentum on the basis of differences of wind and
temperature between two different levels.

In this theory, gradients of the mean paramcters can be expressed in terms of universal
functions depending on Li , where L, is the Monin-Obukhov length and z the altitude.

.

For wind speed and temperature, one obtains the [ollowing well-known relationships:

a(z) u, zZ
— 2.1.1
- @i
30(z) 6. z
P =xz(D”(L.) (2.12)
N ey (2.1.3)
(wo)
ith: 40, = .———=
wi " (2.1.4)
L 0 u?
T kgl 2.1.5)

where ¢ is the potential temperaturc, “average in the SL and ¢, a temperature scale.
u, is the friction velocity
L. is the Monin Obukhov length. Morc preciscly, the Monin Obukhov length depends

. g - w’ ’ .
on humidity and 4. has to be replaced by 0. + 0.608 9. where ¢, = —(—q—“ but, practically,
u,

this correction is often neglected even i this approximation could be less precise when
cvaporation processes are predominant.

In order to simplify the presentation, humidity profiles and {luxes arc not described here but it
is casy (o express them by assuming that humidity obeys the same laws than temperature.

. . S 2
The functions @, and @, arc universal functions of — . There have been many

e

cxperiments to determine them.
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2.1.2 The universal functions

The Monin-Obukhov similarity theory has been widely used in meteorology to study the SL.
Numerous works and measurement campaigns have been carried out in order to determine the
universal functions for the wind (¢ ), for the temperature (¢ ) as well as for the humidity

(@ ,), which can be written in the following form:

unstable case

-1
@, = Q. -y,8) (2.1.6)
-1
® , =P, Q.-v,8)7 (21.7)
stable case
® , =1.4p,,T, (2.1.8)
® , =P,y +p 4t (21.9)

Despite that, there is still disagreement on the cocelflicients of these functions. Wieringa (1980)
and Hogstrom (1987) suggested that thesc differences were probably due to experimental
errors caused by disturbance of the [low by the instrumentation. They propose new
formulations with a reevaluation of thc Karman constant cohcrent with the correction of the
other constants.

Values for the different constants cntered into the calculation of (¢, ) and (¢,), based on

atmospheric observations and the Dycr (1974) review, are presented in Table I taken from
Garratt (1994).

Table 1: Values of surface-layer constants, where x is the von Karman constant, Py is the
ncutral turbulent Prandtl number and P and y arc cxperimental constants appearing in the
expressions for the Monin-Obukhov stability [unctions (¢ ) and (@ ,)

K Pw Y1 Y Bim B1H
Observations
Webb (1970) - - - - 52 52
Dyer and Hicks (1970) 0.41 1 16 - - -
Businger et al. (1971) 0.35 0.74 15 9 4.7 4.7
Garrat (1977) 0.41 - - - - -
Wieringa (1980) 0.41 1 22 13 6.9 9.2
Dyer and Bradley (1982) 04 1 28 14 - -
Webb (1982) . 1 203 122 - -
Hogstrom (1985) 0.4 1 - - 4 -
Hogstrom (1988) 0.4 0.95 19 11.6 6.0 7.8
Zhang et al. (1988) 0.4 - - - - -
Review

Dyer (1974) 041 1 16 16 5 5
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2.1.3 Determination of the fluxes

The sensible heat flux is given by:
I = ~pc,u.0. (2.1.10)

The unknown u., I and L. can be dircctly cvaluated from these relations but a direct
determination ol the gradicnts would require too many measurements with a very good
accuracy and it is in fact not practicable. Onc prefers (o integrate these expressions between

the roughness height z,, where the wind is ¢qual (o zcro, to a height z

iy

0(2)-0(zy, )=Py—}In Z-w (L) + \11,,( ’LU')} (2.1.12)

where Py ( 0.74 according to the relations of Businger et al. (1971)) is the ncutral turbulent
Prandtl number.

Using the universal [unctions of Businger ct al. (1971), Paulsen (1970) and Barker and Baxter
(1975) obtained the following functions:

(2.1.11)

( 2
V. €)=l (1+ x) LX) | darctan x + & for (0 (2.1.132)
2 2 2
1
with x=(1-15¢)2
Vu@=4T for £)0 (2.1.13b)
1+ - _
W —Zln[ 2"] for ¢(0 (2.1.14a)

1
with y=(1-9t)2

4.7 .
¥, (s)~-Eg for £)0 (2.1.14b)
L

In fact if the values of the temperaturc and of the wind velocity at two different levels are
available, it is possible to perform the integration between any two levels. These levels can be
independent.

With zu, and zu, two wind speed levels, and 71, and zt, two temperature Jevels, the complete
system {o be solved is:
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(2.1.153)
u zu, zu, Uy
o ) 2] o, 2]
K zu, L.
o= Tt g Ze) g (2] g (20 (2-1.150)
K zl, "\ L. "\ L.
_out
g 0. (2.1.15¢)
H=-pc_u.l.
m~, (2.1.15d)

with Au= u(zu;)- u(zu) and AG = 0(zt;) - 0(zt2)
Eliminating u, and ¢, from the equations (2.1.15a) and (2.1.15b) and by substituting them into
(2.1.15c), onc obtains:

sary, | (3
Bau” ), zt, . . (2.1.16)
g A() N 2
Inf 22} p (2w [ 2L
zu;) "\ L. "\ L.

At this point, two solutions are possible. The less restrictive onc is to solve this system of
equations with an iterative procedure.

2.1.3.1 The iterative solution

The algorithm for this iterative solution can be expressed following Berkowicz and Prahm
(1982 a):
Step A: u, and 6. are calculated from the cquations (2.1.15 a) and (2.1.15 b) and by taking

—=0.

L.

Step B: L. is calculated from (2.1.15 ¢) using the previous values of u, and 6..

Step C: L. is reintroduced in (2.1.15 a) and (2.1.15 b) and «, and 6, are computed.

Step D: steps B and C are repeated until the variation in L. is smaller than the required
accuracy.

This procedure converges in the unstablc case but not in the case of very stable conditions
when the Richardson number is greater than a critical value depending on the function used
(c.g. 0.21 for the given ¢ function). In that case, a common practice is 1o maintain turbulence
by using values corresponding to the critical Richardson number.

2.1.3.2 The analytical solution (Louis , 1979)

This method is essentially used in numcrical simulation where iterative procedures are
computationally expensive.
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By taking zu2 = 712 = 72, zut = zt1 = 71, the Monin Obukhov length can be determined as a
g(z2 - Zl)Aﬁ’

0 Au?
In that casc, equation (2.1.16) can be reduced (o an explicit relation between L.and Rip:

function of the bulk Richardson number Ri, =

L. 7
= (L,Rl-b) (2.1.17)
z z,

which can be written with a change of origin for z:

C,=P, —‘ﬁ - ath(z : % ,Rih) 2.1.18)
where a = k
zZ+ zo)
1
20

a” is the neutral drag coefficient for momentum.

The Fd and Fp functions depend on stability and checked in order to be close to the iterative
solution.

unstable case:

In order to be coherent at the limit of free convection, Cp and CH have to behave
1

asymptotically as (Ri,, )5 . Moreover, continuity is assumed through neutrality with a slope

more pronounced for wind than for temperature. That gives the following expressions (Louis
et al, 1982):

Cp=a?|1.- 2bRi, (2119)

1.+3a2bc\/%|llih|
Z

o

unstable casc

bR
Cy=2a2|1.- 3bRi, (21.20)

1+3a2bc\/—z;—7llRib]

o

withb=c=5
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In stable case the turbulence can be forced for Richardson number valucs greater than the
value of the critical Richardson numbecr. That gives the [ollowing expressions:

1
C,=a’ TERG (21.21)
1+_.___§_‘__
Ji+dRi,
stable case
C,=a’ 1 (2.1.22)

1+2bRi, 1+ dR i,

withb=d=5.

With this systcm it is possible to obtain dircctly the [luxes and the Monin Obukhov length but
one needs to know wind and temperature at the same levels.

2.1.3.3 Beljaars and Holtslag (1991) formulation

The disadvantage of the previous functions is that they have not been checked under conditions
ol very high stability. In that case, turbulence decays for Rjp greater than 0.21 and unrealistic
results are obtained in“numerical weather prediction because the surface tends to become
thermally discoupled from the atmosphere producing too strong a cooling of the earth’s
surface.

To avoid some of these problems, Beljaars and Holtslag (1991) proposed for the integral of
®,, and ¢, functions ¥, and W, a new formulation for the stable case, while keeping
Dyer’s (1974) relationships in the casc of unstablc stratification:

Unstable case:

2 (2.1.23)
¥ =2 m(l;x) -Hn(”zx )~2 arclan(x)+§

2 2.1.24
w, =2 ln( 1+x ) ( )

-where x= (1 -IGC)%
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Stable case:

. 2.1.25
¥ =-{a‘g+ b(‘g-f) cxp(-d‘«;)«r P—L] ¢ )
d d
3 (2.1.26)

2a_\2 . c) \ bc
W o= 1+222) 2 4 b - exp(-de ) 261
ha ( 3@,) (gd xp(-dt) -

where a=1 b=0.667 c¢=5 d=035

The results obtained with these functions arc close o that obtained with Hogstrom’s (1988)
proposition in their range of validity. The differences with Louis et al (1982) formulation are
more pronounced especially in stable conditions where Louis ct al (1982) formulation seems to
overestimate momentum transfer coefficicnt (Bcljaars and Holtslag, 1991).

In their paper, they show that an effective roughness height for momentum is needed to
parameterize the momentum flux at horizontal scalc of a few kilometers and that it is important
to take into account thermal roughness in the sensible heal {lux estimation.
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2.2 THE RESISTANCE METHOD

The resistance method is a combination method where usc is made of the surface energy
balance equation, relationships between {luxes and gradients of mean quantities and knowledge
about the surface condition. Galinski and Thomson (1995) have made an comparison between
three different methods against data {rom England. These methods have been designed to be
applicable to mid-latitude, grass covered surfaces. For this review only two of them will be
discussed i.c. the Berkowicz and Prahm heat {lux method (1982) and the Holtslag and van
Ulden heat [lux method (1982,1983).

The starting point is the equation of the surfacc energy balance
R,=Qr +H+ Qg 2.2.1)

where R, is the net radiation, Qg  is the latent heat {lux, H the sensible heat flux and Qg ; the
soil heat flux.

The net radiation, R, , is the balance between downward and upward short-wave and: long-
wave radiations. In the Berkowicz and Prahm method the net radiation is estimated following
Niclsen et. al. (1981) by using regression curves for R, as function of cloud observations,
global radiation or solar clevation. Metcorological data on wind speed and temperature at
screen height are also used. In the Holtslag and van Ulden heat flux method R,, is. also
calculated using regression curves but as function of total cloud cover, the temperature at
screen height and solar elevation.

The latent heat flux is described by the Pcnman-Monteith equation

(Ry Qg ra @A/ p)+Dapecp /v

QO = 222
y rs+(1+(A/Y p)rg @2.2)

where A is the gradient of the saturated vapour pressure with respect to temperature:, y-, is
the psychrometric constant, Dgq is the humidity deficit in air ,

Dg=ey(T)-¢ ‘ @23)

where €,(T) is the saturated vapour pressure at the temperature T, ¢ is the actual vapour
pressure, 7, is the aerodynamic resistance and r, is the surface resistance.

In the Berkowicz and Prahm heat flux method the acrodynamic resistance is expressed in terms
of known flux profile relationships based on Monin-Obukhov’s similarity theory. The surface

resistance is related to the humidity deficit in the air, Dq , by the following equation

r, =(Dq/FXpc,lv,) (2.24)
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where F is an cmpirical function of the surface moisture conditions and is dcpending on net
radiation and accumulated net radiation since last precipitation. The soil heat {lux is modelled
as a certain fraction of the sensible heat flux

Qo= a, H (2.2.5)

where @, s a constant with a typical value of 0.3 lor a grass covered surface. The sensible
hcat (lux can now be derived from equations (2.2.1), (2.2.2) and (2.2.5)

Ry (rs+rg)-Dg(pcp /Y p)

= (2.2.6)
rs+(I+A/Y plrg +ag(rg +75)

which is the basic equation for the Berkowicz and Prahm heat {lux method.

To avoid the difficult problem with the surface resistance Holtslag and van Ulden ( 1983 )
simplified the Penman-Monteith equation in such a way that the surface resistance and the
acrodynamic resistance are not explicitly described. The sensible heat flux is calculated by the
following equation:

| _(=a)+(r/s)

e(r7s)  Ba=Qo)bs 227)

where s= dg,/dT with g, being the saturated specific humidity and y = c,/A  where ¢, is the
specific heat of air at constant pressure and the latent heat of water vaporization

The parameters o, and 3, are empirical and arc thought to vary with different soil moisture
conditions. For moist grass covered surfaces o, = 1 and ;=20 Wm-2 were found to be good
estimates. The soil heat flux, Qg , is calculatcd as a factor of the net radiation. According to
(Dc Bruin and Holtslag, 1982) a good estimate for Jg is

Qi =ccRy (2.28)

where ¢, = 0.1 is obtained for a grass covered surface for daytime in the Netherlands.. With

these values, cquation (2.2.7 ) can be simplificd for daytime conditions (and for a temperature
of 15°C) to:

H = 034(R, - 58) 2.29)
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The modelling of the Priestley-Taylor parameter in the HU-scheme is described in detail in
Holtslag (1987). The parameter o, is a [unction of the surfacc moisture. o, is evaluated in the
FMI -model according to table 2.2.1:

Table 2.2.1: Values of Priestley-Taylor parameter o, in the FMI -model

o, synoptic mcasurements
1.0 night-time OR (Sy >4 or Sy =2) OR (49<Wy <100)
0.9 19<Ww<30 AND nonc of the above holds
0.8 4<W,<10 AND nonc of the above holds
0.7 4<W;<10 AND none of the above holds
0.6 r>5.0 AND none of the abovce holds
0.5 none of the above holds

where 11 is the precipitation of the last 12 hours (mm), Sy is the synoptic code for the state of
the ground, Ww, W; and W, are synoplic codes lor the present weather, weather of the
previous hour and weather of the previous 3 hours, correspondingly.

The Holtslag and van Ulden heat flux method is a combination of schemes by Holtslag and
van Ulden (1983) for daytime and by Holislag and van Ulden (1982) [or the night.

The two heat flux methods described above are widely used in different meteorological
preprocessor models for dispersion calculations. The Finnish Meteorological Institute has
based its preprocessor model on the method of Holtslag and van Ulden with some
modifications (Karppinen et. al.,1996). The preprocessor models used in Denmark and Sweden
arc based on the method of Berkowicz and Prahm (Olesen and Brown,1992 and Omstedt,
1988). The relationship between thesc two basic schemes (HU,BP) and other commonly used
preprocessors is shown in Fig, 2.2.1.
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HU BP
(Holtslag-van Ulden) (Berkowicz-Prahm)
4 4 y 4 y
FMI
HPDM UK-ADMs | | (ubstantial OML SMHI
deviations
from HU)

Fig. 2.2.1: Family trce showing the relationship between the preprocessors discussed in the
reporl. See the explanation below for details.

Explanation to the family tree

Holtslag-van Ulden scheme:

This is one of the two basic schemes. As opposed to the BP scheme, it makes use of the
Priestly-Taylor parameter a, which must be prescribed.

Berkowicz-Prahm scheme:

This is the other basic scheme. It attempts to account for surface moisture by keeping track of
the history of rainfall events. It avoids use of the o, parameter, but the surface resistance r.
must be known (an empirical function is used for this purpose).

HPDM:

This preprocessor is not discussed in any detail in the present report. The HPDM preprocessor
described by Hanna and Chang (1992) is based on the Holtslag-van Ulden scheme, but various
constants are changed in order to account for urban conditions.

UK-ADMS:

This preprocessor is not discussed in any detail in the present report. The UK-ADMS
preprocessor is based on the Holtslag-van Ulden scheme and is described by e.g.. Carruthers
et al., 1994,

FMI:

In the original Holtslag-van Ulden schemec the user is required to prescribe a value of the
Priestly-Taylor parameter, a,. However, a, is not constant, but depends on recent rainfall etc..
In view of this difficulty, the FMI scheme includes a procedure for estimation of a, based on
synoptic weather conditions and rainfall.
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The FMI scheme attemps to improve the cstimation of net radiation by using hourly sunshine
duration data as an input parameter. In casc sunshine data arc not available, a default method
based on cloud observations is used. The HU scheme was modified, as at high latitudes net
radiation corrclates better with sunshine duration than with cloud cover observations. Cloud
cover observations may lead to erroncous net radiation estimales.

The longwave radiation from clouds is modclled by another regression equation, which uses
the total cloudiness and cloud height as explaining parametcrs. All the regression coefficent
cstimates are based on Finnish observation data.

OML:

OML is the original computer implcmentation of the Berkowicz-Prahm scheme as it was
developed by the group of Berkowicz and Prahm at NERI, Denmark. The implementation is
documented in a report by Olesen and Brown (1992).

SMHI:

The SMHI scheme is an implementation ol the Berkowicz-Prahm scheme which is very close
o OML.

In chapter 4, results from a comparison betwceen the preprocessor models used at the Finnish
Meteorological Institute (the FMI-model) and at the Swedish Meteorological and Hydrological
Institute ( the SMHI-model) are shown.

-
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2.3 PARAMETERIZATION OF THE GROUND HEAT FLUX

The primary transport process in the soil is molccular conduction. This allows the ground (or
soil) heat flux to be calculated from the temperature gradicnt and the thermal conductivity
appropriate for thc depth and soil type. It can be inferred from the second law of
thermodynamics that, when sources or sinks of hcat within the soil are absent, the difference
between the ground heat flux at the surface Qg and the flux at a depth z, Qg varics with the
change in heat storage within the layer. This is given by the average time rate of change in soil
tempcraturc and can be written as the following relation
aT

QG -QGz=-Cg— 42 (2.3.1)

where Cg is the volumetric heat capacity.

The ground heat flux Qg is small when compared to the other threc flux components of the
energy balance (nct radiation R,, sensible hecat flux H, latent heat flux Qg) near the earth’s
surface, yet not insignificant. Mayocchi (1995) showed that ncglecting heat storage and latent
heat transfer in it’s parametrization can bring in crrors as large as 80 W/m® and 28 W/m”,
respectively. Latent heat transfer was often omiticd in thc soil analyscs.

2.3.1 The measurements

The ground heat flux is derived from mcasurcments made with ground heat flux plates. The
ground heat flux should ideally be mcasured dircctly at the surface. Technical problems and
modifications of the near-surface conditions occur however when a heat flux plate is buried
very close to the surface. On the other hand, the decper the platc is placed in the soil, the less it
reflects the actual susface heat flux. A correction, bascd on the temperature gradient in the soil,
is then required to account for the heat storage which occurs in the layer above the plate.

Fig. 2.3.1 prescnts a three-day time serics of the ground heat flux measured by three plates at a
depth of 8 cm scparated horizontally by 50 cm (Muchlemann, 1996). It shows a better spatial
homogeneily of the heat flux under wet soil conditions (in this case after a short, but intense
rainfall). Possibly, the water also homogenized the soil conditions at proximity of the plates.

50

rainfall

W/m?)
o]

-50

6 12 18 24 30 36 42 48 54 60 66 72
30.07.95 31.07.95 1.08.95

Figure 2.3.1: Mcasured ground heat flux from three heat flux plates, installed at 8 cm depth
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The heat soil capacity C, in equation (2.3.1) is delincd as the sum of the specific heat capacities
of the soil constituents; minerals, organic components, water and air. A soil analysis will give
the volume fractions (in %) for the three major constituents (the heat capacity of air can be
neglected). The calculation of C, occurs then with standard values for the specific heat
capacitics. Heat soil capacities measurcd under wet and dry conditions gave differences
between mean values up to 3.6 %, which produces an error in the surface heat flux of
about 3 %.

2.3.2 The models

The need to parameterize the ground heat flux arises from the lack of measurements and the
poor knowledge of this quantity. Simple schemes can be deduced {rom the following
consideration: ground heating during the day is nearly balanced by cooling at night, thus, the
heat budget in the soil remains weak over a whole day. Some general circulation models
therefore assume that Qg=0.

Proportionality model

Two simple possibilities are to assume a proportionality between the ground heat flux and
cither the net radiation R, or the atmospheric turbulent heat flux H.

Q¢ =cg R, or Qg=og'H (232)

where the value cg = 0.1 = 0.05 was obtained during clear daytime for a grass covered surface
(Holislag and van Ulden, 1983). Stull (1989) proposed a value of ¢ = 0.5 for night-time
conditions. Increasing soil dryness increascs the relative contribution of the net radiation flux
converted into sensible heat flux, because less cnergy is going to evaporation. Berkowicz
(1982) therefore proposed a relationship between the ground heat flux and the sensible heat
{lux. The proportionality parameter o, depends on the actual conductivity of the soil and the
value 0.3 is often proposed for both night- and daytime.

Method of Holtslag and van Ulden (1983 & 1985)

The high resistance and low heat capacity of both air and vegetation justify the assumption of a
strong correlation between the ground heat {lux and the temperature difference (T-To)
between the surface (0) and a reference level (r) in the air.

Q. =-Ag(T, ~T,)=(4¢ /4T )C,R, (2.3.3)

where Ag is an empirical coefficient for the ground heat transfer. It has been estimated to
S Wm™K™? for a grass surface. The rclerence level (r) should be chosen above the layer which
cxhibits strong temperature gradients. Van Ulden and Holtslag found 50 m to be a suitable
height. The parameterization of (T,-T,) diflers for day and night. During the day, it is strongly
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corrclated with the net radiation R, , related through the surface heating coellicient Cs, which
may vary with the surface moisture. At night, (T,-T,) is strongly allccted by the wind speed. In
the latter case, surface layer similarity theory is uscd.

Arya’s model

The model of Arya (1988) uses the solution of Fouricr’s heat conduction equation (2.4.7). It
can be applied to both diurnal and annual tcmpcrature waves through the soil (considered as a
homogencous medium). The model further assumes that thermal diffusivity remains constant
over the whole period and that the surface temperature follows a nearly sinusoidal
perturbation. The latter condition is restrictive for the simulation of the diurnal variation.

Force-Restore Method

The method explained by Stull (1989) is based upon the assumption that the heat flux from
deep soil tends to restore the surface slab temperature, thereby opposing radiative forcing.
Bascd upon equation (2.3.1) and the relation of the encrgy balance and neglecting the latent
heat flux, the ground heat flux is found to satisly:

oT, _ C
_QG = CG ? +2n PG (Ta - Tm) (234)

when P is a time period (daily circle).

The major part of soil temperature changes occurs within a shallow layer ncar the surface. A
two-layer model captures the essence of heat transfer in the soil by superposing a shallow slab
of soil, of thickness™d, and temperaturc T, bounded below by a thick slab which has an
constant averaged temperature T,. The amplitude of the thermal wave decrease exponentially
with the depth so that at z = d, the wave amplitude is reduced to about 37%. of the value at the
surface. p-c = Cd, is the heat capacity per unil arca for the considered slab of soil of
thickness d,, soil density p and specific heat c.
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2.4 SURFACE ENERGY BALANCE MODELS

2.4.1 Premises

Surface encrgy balance models gencrally deal with the evaluation of the all-wave radiation
budget or net radiation R, at the earth’s surlace and its partioning into convective fluxes to or
from the atmosphere together with conduction to or from the underlying soil.

Contributions to the net radiation are the incoming short-wave or global radiation K|, the
outgoing short-wave radiation K1, the incoming long-wave radiation L}, and the outgoing
long-wave radiation L}.

The basic formula is:
R.,=K}|+K{+L}+L? 2.4.1)

K| and K% may be summarized as K*, the net shorl-wave radiation, and analogous L{ and
L1 may be summarized as L*, the net long-wavc radiation:

K*=K{+K! and L*=L} + L1 . (2.42)

So R,=K*+L* (2.43)

The net radiation R, is the basic input (o the surfacc cnergy balance. The radiative surplus or
deficit, in most cases evidently connected with day or night time respectively, is partitioned
between the sensible heat flux H, the latent heat flux Qg, and the ground heat flux Qg (see
equation (2.1)).

An extra storage term, which is sometimes taken into account when treating complex surface
layers, €.g. as in cities, is not considered herc.

2.4.2 Some types of energy balance models

Simple energy balance models deal with the evaluation of the components of equation (2.1) for
a given location in horizontally homogencous conditions without advective energy fluxes.

The net radiation in those models is

- assumed to be known

by measurements

as output from radiation models
or

- calculated {rom {ormulae like

Ro=(1-A) K|+ L} -e 0Ty 2.4.4)
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with empirical parameterizations and/or otherwise known values of K| and L},
albedo A, cmissivitye, and surface (cmperature T.

The scnsible heat [fux H is estimated through the profile mcthod based on mcasurements of
wind speed and potential temperaturc at two dilferent heights in the surface layer of the
atmosphere, where the fluxes are assumed to be constant with height.

The latent heat flux Qg is evaluated either by analogy to H with the profile method or under
the condition, that the Bowen’s ratio Bo is known and valid:

Q:=Bo H (2.4.5)

The ground heat {lux Qg may be calculated from

0. = Aw (EL Jo (2.4.6)
dz

in connection with a numerical solution of the unstationary cquation for the subsoil
tempcrature T,

JT As_I'T

s o s s 2.4.7

S (G @4.7)
Where A is the thermal conductivity of the soil, ps the soil density and c,, the specific heat
capacity of the soil.

Examples of such models are those from Myrup (1969), Kerschgens (1987), and Stathers
(1988). The models differ in their nceds for input data and parameterization of physical
processes. More sophisticated models take into account complex topography and stomata
processes like the one of Todhunter (1988).

Another refined numerical procedure to calculate cnergy (luxes at the surface was developed
by Blackadar (1979). Under the guidance of Kerschgens the Blackadar model was modified by
Roos (1995) and named EBiMo (Energic-Bilanz-Modell). The goal of the effort was to obtain’
a practical tool for statistical evaluations in connection with studies on local climate changes,
€.g. for estimating the anthropogenic inllucnce on the encrgy balance components by changes
in land use.

EBiMo is an examplc of a 1-dimensional model of the planctary boundary layer with a vertical
extension up to about 3 km above the surface and coupled with a soil model including
vegetation. For input, radiosonde data are nceded as well as surface based meteorological
observations and soil specific information including vegetational indices.
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The output list comprises the following results in two minutes time resolution:
- date and time

- surface temperature

- temperature of vegetation

- air temperature 5 m agl

- dew point 5 m agl

- surface sensible heat flux H

- surface latent heat flux Qe
- surface net short-wave radiation K*
- surlace net long-wave radiation L*
- surlace net radiation R,
- ground heat flux Qg
- short-wave irradiance at the surface K}

The program is written in Fortran 77 and availablc (sec chapter 10).

2.4.3 Complex mesoscale models

For the last 20 years, complex 3-dimensional models have been developed for various
applications. They are based on the prognostic equations for atmospheric flow in non-
hydrostatic conditions.

These models are working in arcas with an cxtension of about 100 km to 1 km. Typical
applications are the simulation of the diurnal wind regime in valleys and also the problem of
cold air flow during night time in smooth shaped landscape. These models necessarily have to
dcal with the encrgy fluxes at or near the surface. They all usc a wide variety of
parametcrizations and approximations. Their output contains a lot of information that can be
used further in dispersion models. Especially, Lagrangian particle models make use of the
results of non-hydrostatic meteorological models as input data.

A list of currently used non-hydrostatic models for climatological purposes within the above
mentioned scale is given by Schliinzen (1994), together with some characteristic features of
cach model.
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2.5 OUTPUT OF NUMERICAL WEATHER PREDICTION MODELS

Opcrational numerical weather prediction (NWP) models provide, besides other information,
data of the surlace cnergy balance and its components on dilferent scales. At present, NWP
models are working (rom the global scale down to regional scales with horizontal resolutions
of about 10 km and vertical resolutions of about 20 levels or more from the surface up to
50 hPa or higher.

The atmospheric boundary layer is represented by several levels in such a way, that it is
possible to determine the turbulent fluxcs of sensible heat and of latent heat at the surface. The
parameterization of radiation processes within NWP models allows the calculation of the
components of the net radiation at the surface. Most NWP models include a multi-layer soil
submodel enabling the determination of the ground heat flux. Results of an international
comparsion of global NWP models concerning the components of the surface energy budget

are given in Annex A,

Another comparsion has been carried out by Wotawa ct. al. (1996) between results of the
metcorological preprocessor OML (Olesen and Brown, 1988) and evaluations of ECMWE’s
NWP model. The comparsion shows systematic differences, cspecially for the friction
velocilies, and also stochastic deviations and great uncertainties concerning other parameters.

The Europe-Model (EM) of Deutscher Welterdienst, covering Europe and a part of the North
Atlantic Ocean, is an example of NWP modcls, as they similarly are run also by other national
weather services. A short description of the model and its output concerning surface energy

balance is given in Annex A.

The scientific development on NWP models is going on as well as computer capacity is
growing rapidly. Therfore, it will be possible in the near future to run non-hydrostatic NWP
modcls operationally with horizontal resolutions below 10 km and 40 or more vertical levels.
So, the results of such models will become more and more intcresting for the determination of

the surface energy balance.
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3. DATA SETS

3.1 INPUT DATA FOR EACH OF THE METHODS AND MODELS

3.1.1 Input data for the profile method

Use of the prolile method requires knowledge of differences of wind, temperature and
humidity at two different levels in the surface boundary layer.

The accuracy of the method is better when the distance between the two measurement levels is
large.

One should notice that, for the analytical solution, wind, temperature and humindity have to be
given at the same levels.

3.1.2 Input data for the resistance method

Standard routine meteorological data is used such as wind speed (u), temperature (M),
dewpoint temperature (Tq ), cloud obscrvations (Nuo,Ni,Nm,Ny Jand precipitation. A
comparison between input data used by the Berkowicz and Prahm heat flux method (BP) and
the Holtslag and van Ulden heat flux method ( HU) is given in the following two tables. In
thc FMI-model also hourly relative sunshine time is used.

Table 3.1.1 Calculated parameters using the Berkowicz and Prahm heat flux method ( BP) and
their dependence on meteorological data and other calculated surface parameters.

BP
Parameter | Input data Surface parameter
needed needed
R" Ntnl’Nl’Nm’Nh
u,T
T, T,,T, precipitation| R,
r, u,z, L.,u.
n T, T,; R,r,r,
u. u,z, L.
L. T u I
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Table 3.1.2 Calculated parameters using the Holtslag and van Ulden heat flux method ( HU )
and their dependence on meteorological data and other calculated surface parametcrs.

HU
Parameter | Input data Surfacc paramcler
needed needed
R, N,.T
as,Ps precipilation
H T R, A, B
u. u,z, L.
L. T uy

3.1.3 Input data for surface energy balance models

The input data nceded are partly mentioned in 2.4. For a detailed description, the references
given in conncction with the models can be uscd.

3.1.4 Input data for NWP models

Input data for operational NWP modcls originate mainly from synoptic stations (surface
obscrvations, radiosonde measurements), satelliles and aircraft. They are checked and
assimilated with respect to the model grid and the starting time of the prognosis. The
initialization procedure takes care to harmonize the numcrical analysis with the difference
cquations used for the time integration.

A more detailed dcsc?iption with respect to the example of the above mentioned model EM is
given in Annex A.

The assimilated and initialized numerical analyses of the NWP models, when archived and

available, will become more and more of great valuc for environmental purposcs including the

application of dispersion models, when taking into account the following aspects:

- building of climatologically usable time scrics

- development of operational non-hydrostatic NWP models, necessarily working on relatively
high resolved grids, so there will be a convergence of the results with the outcome of
complex mesoscale models for local climatological purposes.
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3.2 SATELLITE DATA

The radiation measurements from polar orbiling satcllites (c.g. the NOAA series) as well as
those from geostationary satellites (likc METEOSAT) are used to derive meteorological data.
They may serve as input to numerical methods (including models) or for evaluation purposes.
Among them are a lot of products, that arc of great interest in connection with the energy
balance at the carth surface (WMO, 1995). Satellite data comprise
- land surface (soil) temperature
- sea surface temperature
- cloud parameicrs, e.g.
cloud cover in different heights
cloud types including fog
- precipilation
- soil moisture
- global radiation, equivalent to the incomingshort-wave radiation
- absorbed shori-wave radiation
- long-wave radiation
- surface albedo
- vegetation index
- land use

Additionally, the latent heat flux may be calculated from satellite measurements (Schulz et. al,,
1995).

Polar orbiting satellites have the advantage of giving information in a high spatial resolution
(1,1 km concerning meteorological parameters; 30 m concerning Landsat data) in a moving,
but Limited strip Geostationary satellitcs have the advantage of covering a large area at the
same time, but with less horizontal resolution (5 km in the visual and 8 km in the infrared range
over Europe).

In some meteorological services, thesc paramclers are already cxtracted operationally. E.g. in
Deutscher Wetterdienst, the global radiation at the surface is derived from Meteosat images. in
the visible range. The global radiation is cvaluated as a daily mcan valuc in a horizontal grid of
8km covering central Europe. Figs. 3.2.1 and 3.2.2 show comparisons of satellite derived daily
sums of global radiation with ground based measurements.

The European Agency EUMETSAT is considering (o support the establishment of Satellite
application facilities (SAFs) with the aim to focus the Europcan cfforts in cxtracting and using
mcleorological (among other environmental) information from satcllite data. Plans include the
cstablishment of SAFs on Nowcasting’, Ocean and sca ice’, Ozonc’, Climate monitoring’, and
"Numerical weather prediction’.
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Fig.3.2.1 Comparison of satellite derived daily sums of global radiation with ground based
measurements. The results are based on 5 images per day.
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Fig. 3.2.2 Comparison of satellite derived daily sums of global radiation with ground based
measurements. The results are based on 9 images per day.
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4. INTERCOMPARISON STUDIES

4.1 EARLIER WORK

The two dilferent resistance methods that were discussed in section 2.4 have earlier been
compared with experimental data. The Berkowicz and Prahm heat {lux method (1982) was
developed using experimental data from Hgjbakkegaard in Denmark, Marsta in Sweden and
Cabauw in the Netherlands. The Holtislag and van Ulden heat {lux method (1982,1983) was
developed using mainly data from Cabauw in the Netherlands. All these data cover a broad
range of weather conditions, but only for grass-covered surfaces.

Recently Galinski and Thomson (1995) compared the scnsible heat flux from these two
methods and a third one ( Smith, 1990) with almost 3 years of measurements from Cardington
in UK. Their general conclusion is that the results from all three preprocessors show useful
correlation with measured heat fluxcs during daytime ( neutral or unstable conditions),
although the spread is quite large. During night-time ( stable conditions ) the correlation
belween calculations and measurcments are worsc for all three preprocessors. When
comparing the three schemes with each other, their conclusion is that the Berkowicz and
Prahm heat {lux method performed best during daytime conditions while the Holtslag and van
Ulden heat {lux method performed best during night-time.
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4.2 INTERCOMPARSION OF METHODS

In onc study under COST 710, the FMI and thc SMHI preprocessors were intercompared. The
schemes are based on two widely used preprocessing methods: : '

1. the FMI scheme which is based on the van Ulden-Holtslag scheme (HU) (van Ulden and
Holislag, 1985), but deviates from it in certain respects.

2. the SMHI scheme which is based on the Berkowicz-Prahm scheme (BP) (Berkowicz and
Prahm, 1982b), and fully represents the properties of the scheme. (For a part of the study
the implementation of the BP scheme was that of the Danish OML meteorological
preprocessor.)

The study aimed to investigate the propertics of the two schemes relative to cach other, and
did not involve direct comparisons with observations.

In the [ollowing, the dilferences betwcen the parametrizations of individual terms of the
surface energy balance cquation are investigated. Furthermore, on the basis of identical input
data (onc year ol data from southern Finland), the output of the two schemes is compared.

4.2.1 Comparison between the parametrization of individual terms

Net radiation estimates

Both methods usc regression methods to cstimate the total net radiation Ry. The used
predictors in the regression equations arc different. Also the data on which the regression
cocfficients arc bascd are from different stations and di(ferent periods of time.

The HU-method divides the net radiation into three parts: the shortwave radiation from the
sun, blackbody radiation from clouds and the ground, and the longwave radiation of the
atmosphere. The shortwave radiation is approximated in (he FMI scheme by a regression
cquation which uses observed hourly sunshinc time as the regression model variable. The
radiation {rom clouds is modelled by another regression equation, which uses the total
cloudiness and cloud height as explaining parameters.

The BP-method uses two regression modcls (onc for daytime and one for night-time) which
use the synoptic measurements of cloudiness as the most important explanatory variables.
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The net radiation estimates of these two schemes are illustrated in figure 4.2.1.
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Fig.4.2.1. Net radiation estimates by FMI (HU-bascd)- and SMHI (BP-based) preprocessor
models as function of solar elevation, tempcrature and cloudiness (in octas)

There is a noticeable difference betwecn the nct radiation according to- the two schemes. Under
daytime clear sky conditions the difference increascs as solar elevation increases. Under clear
night-time conditions the dilference increases as temperature decreases. The difference in the
clcar-sky night-time estimations of nct radiation comes directly from the temperature
dependence in the regression equations. In the BP-method (SMHI) the dependence of net
radiation on tempcrature is simply: R, ~ T®, which means that R, decreases monotonically with
temperaturc. In the FMI-scheme the dominant part of the net radiation depends on temperature
as: R, ~ cT°T*. This function has an absolule minimum at the temperature
T =~ -6 °C. Although the additional tcrms alfect the location of the absolute minima, the
behaviour of the net radiation as a function of temperature remains similar as illustrated in
figure 4.2.1.

Partitioning the energy

The partitioning of the cnergy to latent (Qi) and scnsible (H) heat {luxes is based on the
Penman-Monteith approach (Monteith, 1981).

The two methods have one basic differcnce in their encrgy partitioning scheme. While the
Berkowicz/Prahm-scheme evaluates the resistances r, and . and the humidity deficit in a quite
complicated way, the HU-scheme utilises the modificd Priestley-Taylor model which divides
the evaporation in one part which is strongly correlated (o the difference of net radiation and
ground heat flux (R,-Qg) and another part which is not. Therelore, in the HU-scheme only two
cmpirical paramelers (@s and Bs) thercfore have to be evaluated.

The surfacc and soil moisture arc cstimated dilferently in the models. The FMI-model
(modificd HU) uscs synoptic weather codes and rain amount to cstimate the surface moisture

and the modified Pricstly-Taylor paramcier as The Berkowicz/Prahm-model uses the
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accumulated net radiation for the measure of the soil moisture. These estimates are not directly
comparable since the partition schemes and the usc of these moisturce estimates differs in the
modecls.

Solving the system of equations

The profile equations used by these two methods are based on differcnt approximations of the
universal functions Wy, and Wy However, both approximations arc based on the same original
work of Businger ct al. (1971), so therc arc no significant dilferences in the profile equations
uscd by thesc two methods. The final detcrmination of the meteorological parameters
(turbulence length-scales: MO-length L., [riction velocity u., temperature scale ©.) is
performed in both models using the same scts ol cquations and basically the same kind of
profile equations.

4.2.2 Statistical comparison of the output of the two models

As the two methods dilfer quite a lot in (he details of their parametrization, it is extremely
dillicult to compare the models without actually performing some calculations with the models
using identical synoptic data for the input of the two models.

The part of the study described in the following was not bascd on the SMHI implementation of
the BP-scheme, but on the original implementation of the scheme in the OML preprocessor
from the Danish National Environmental Rescarch Institute (Olesen and Brown, 1992).
However, the two implementations are very closc to cach other and can be assumed to fully
represent the BP-scheme.

The results presented here cover one year of metcorological data, collected from southern
Finland. The only preparation made beforc using the synoptic data as input to the
preprocessors was an interpolation from 3 hour measurements (o hourly values.

The quantile-quantile distribution of nct radiation as cstimated by the OML and FMI models
arc shown in Fig. 4.4.2. We observe that the distributions arc very similar, except for a slight
diffcrence for net radiation values on the range 200-400 W/m2. This small difference arises
from the differcnces in the daytime net radiation cstimates (Fig. 4.2.1.). In clear-sky situation
the net radiation estimates of the OML-mcthod arc higher than the cstimates of the FMI-
method but as cloudiness increases the FMI-method starts to give higher estimates of net
radiation than the OML-method.
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Fig. 4.2.2 Quantile-quantile plot of net radiation (Rv) in W/ m2, cstimates by the FMI (HU-
based) and OML (BP-based) schemes.

This figure suggests strongly that in practice (in a statistical scnse) the estimates of net
radiation by thesc two models give very similar results.

The plot of the cumulative distributions of sensible heat {lux estimates of these two models is
presented in figure 4.2.3, which shows that the energy partitioning schemes compared differ
quite a lot, not only in the paramectrisation details but also in the resulting sensible heat flux
estimatcs.
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Fig. 4.2.3. Quantile-quantile plot of estimates of sensible heat flux H in W/m2,

There is onc similarity in the estimatcs: the ratio of number of stable vs. number of unstable
situations is roughly equal for these two models. On the stable side the OML-model (BP) gives
consistently more negative heat flux values than the FMI-model (HU). On the unstable side the
FMI-model gives larger scasible heat flux values than the OML-model. This suggests that
these two parametrisation schemes divide differcntly the available energy between the latent
and sensible heat fluxes although the basic input data are identical and the net radiation
estimates are nearly identical.
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The density distribution of the inverse MO-lengths produccd by these two models is presented
in Fig. 4.2.4.
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Fig. 4.2.4 Density distribution of the inverse Monin-Obukhov lengths (1/L.) in 1/m.

There is a clear difference between the two curves: the BP-model impedes the growth of 1/L.
on the stable side, which makes the distribution function quilc symmetrical around the neutral
(1/L. small) area. There is not such a cut off in the Finnish model (HU), which can generate
quitc many “super-stable” situations. This is a very important difference for the air quality
modellcr as these very stable situations are often connected with air-pollution episodes. So it is
important to be able to parameterise correctly these situations.
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3
Lome— (4.3.1)

The net radiation (R,) was also included in thc comparison, since both schemes calculate it in
order to estimate the sensible heat flux.

The data used for the comparisons were rcduced to 1 hour averages. Since the synoptic data
were available only [or every third hour, these hours were used, although the preprocessors are
capable of giving interpolated values for cvery hour. The mcasurcments contained some
unrealistically high scnsible heat flux values and thosc data points were omitled from the
analyses. The limits were set to -150 and 350 W/m® respectively, following Galinski and
Thomson (1995). The omitted values were Iess than -500 W/m® or larger than 1000 W/m®
which indicates that the analyses are not sensitive to the choice of limits. The reason for these
unrcalistic valucs have not been fully clarified yet, but they are believed to be caused by
measurement crrors. The preprocessor calculations were performed by SMHI and FMI
respectively.

Results for the friction velocity (u.) or momentum flux

Figure 4.3.1.1 shows comparisons between the measured values of u.and those produced by
the two preprocessors. As can be seen [rom the plots there is a fair agreement, although the
spread is quite Jarge. The correlation betwcen measured and calculated values is about the
same for the two preprocessors, but the FMI preprocessor (HU-based) tends to give higher u.-
valucs. The valucs calculated by the SMHI preprocessor (BP-based) agree quite well with the
measurements over the whole range, but the valucs from the FMI scheme are on an average
about 30% higher. This is also seen from the comparison between the two preprocessors in
Figure 4.3.1.2, which, however, shows very high correlation between the two schemes. The
main reason for the highér U. values for the FMI scheme is the choice of surface roughness
parameter, zo. In the SMHI preprocessor 7o is assumcd to be equal to 1 cm if the surface is
snow covcred, whilec the FMI preprocessor assumes a value of 5 cm instead. With
homogencous snow covered ground, 7z, should be very small, but it should also reflect any
inhomogeneitics prescat.
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Figure 4.3.1.1. Measured values of friction velocity compared to calculated ones. The left
panel shows the result for the SMHI (BP-based) meteorological preprocessor and the right
panel thosc for FMI (HU-based).
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Figure 4.3.1.2. Comparison of the calculated [riction velocity [rom the two preprocessors.

Results for the sensible heat flux and net radiation

The results for the sensible heat flux show much larger spread and the correlation is poor. In
Figure 4.3.1.3 the comparisons between measured and calculated values are shown. In the
following, (hc sensible heat flux is delined to be positive upwards and negative downwards,
whereas the net radiation is positive downwards (towards the surface) and negative upwards.
It deserves to be noted, that the measurements include some positive values of sensible heat
flux while all the calculated values arc negative. It should be mentioned that in conditions with
low turbulence the direct measurements might not be representative, even though one-hour
averages werc used. This is because turbulence occurs intermitiently when the wind speed is
close to zcro and there is a strong temperature inversion close to the ground. As can be seen
[rom the plots, both preprocessors gencrally underestimate H, i.c. give lower sensible heat flux
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than the measurcments. When the measured values arc close Lo zero the preprocessors estimate
it to be somewhere in the range 0 to -70 W/m".

The comparison between the two preprocessors in Figure 4.3.1.4, also shows a large spread
and that the correlation is poor. The general impression is that they disagree in most cases. If
one of the preprocessors predicts a valuc close to 0, the other one scems to predict a large
ncgative valuc and vice versa.

The fact that the preprocessors estimate H to be large and negative when the measurements
show values close to O might be explained as the result of an underprediction of net radiation in
such situations. Both preprocessors calculate the sensible heat flux by a surface energy balance
mcthod (for details see Karppinen et al., 1996) and the surface energy balance relics heavily on
the cstimated net radiation. The net radiation is parameterized using incoming short-wave
radiation reduced for the effect of cloud amount and surlace albedo, together with an estimate
of incoming and outgoing long wave radiation. The conditions during this study were very
special in this respect. The ground was covered by snow, i.c. the albedo was very high and the
solar altitude was low, which increased the albedo even more. Furthermore, in situations with
no short wave radiation, the net radiation is the balance between incoming and outgoing long
wave radiation. The outgoing long wave radiation is proportional to the surface temperature,
which mcans that it decreases with decreasing temperature. Thus, when the short wave
radiation disappcars, the radiation loss at the surface causcs the surface temperature to
decrease. When the temperature becomes low cnough, the outgoing and incoming long wave
radiation will balance out each other, and the temperaturc decrease will stop. This feature is
not included in any of the preprocessors. Obscrvations supporting this has been reported from
another study in northern Sweden (Johansson ct al., 1994) wherc mcasured values of the nct
radiation decrcased with decreasing tcmperature (o a certain limit, where it stopped. If the
temperature then decreased further, the net radiation started to increase and finally, at the end
of the night, it ended up close to 0.
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Figure 4.3.1.3. Mcasured values of sensible heat [Tux compared to calculated ones. The left
pancl shows the result for the SMHI metcorological preprocessor (BP-based) and the right
pancl those for FMI (HU-based).
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Figure 4.3.1.4. Comparison of the calculated scnsible heat flux from the two preprocessors.

When studying this phenomenon it is helpful to look at the comparisons of net radiation, which
arc shown in Figure 4.3.1.5. The plots look in a way similar to those for the sensible heat flux.
There is a number of measurements indicating posilive net radiation (i.c. net incoming
radiation) while the preprocessors almost always give ncgative values (ie. net outgoing
radiation). The calculated net radiation scems to become too large and negative during
conditions when the measurements give values close to 0, this is most clearly shown for the
SMHI preprocessor. These results indicatc that the use of measured net radiation, as input to
the preprocessors, could improve their estimate of scnsible heat flux and thereby L.. This
conclusion is differcnt from that reached by Galinski and Thomson (1995) who found that the
use of measurements of net radiation did not improve estimates of heat {lux. However, their
study was performed under much dillercnt conditions, wherc there was a fair agreement
between estimated and measured net radiation. The usc of net radiation as input to the
mcteorological preprocessors would also introduce another disadvantage, since it is a
paramecter not routinely available.
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Figure 4.3.1.5. Mecasured values of net radiation compared to calculated ones. The left panel
shows the result for the SMHI mctcorological preprocessor (BP-based) and the right panel
those for FMI (HU-based).
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Results for the Monin-Obukhov length or stability classes

When estimating the dispersion parametcers, the surface {luxcs of heat and momentum are not
uscd directly, instcad they are combincd into the Monin-Obukhov length, L.. Comparing the
valucs for L. is not as easy as for the fluxcs, since L. is much morc sensitive to small changes
in cither one of the surface fluxes. Plots similar to the ones for the fluxes above just show a lot
ol scatter. Instead the estimated L.-values were (ranslated into traditional Pasquill stability
classcs, following Golder (1972). The result is shown in Table 4.3.1.1.

According to the measurements about 15 % of the cascs are in some of the unstable classes
while the preprocessors only predict ncutral or stable cascs. This is in agrcement with the
carlicr results for the comparison of H, where the mcasurements showed positive values but
the preprocessors did not. Furthermore, it is scen that the SMHI scheme by far has the highest
frequency of (very) stable cases. One cxplanation for this may be that the FMI scheme gives
higher u.-valucs than the SMHI one, and since larger valucs of u. result in larger values of
L. the classificalion becomes less stablc.

Table 4.3.1.1. Relative distribution of the stability classes. The classification is based on
mcasured surface [luxes (1 hour averages) or calculated surface fluxcs from the two
preprocessors (one value every 3:rd hour). The translation of the L.-Values into Pasquill
stability classes are according to Golder, 1972.

Pasquill Range in L+ Relative frequency of observations (%)
class (zo=1 cm) Measurements SMHI FMI
B -17 <L.< 0 13 0 0
C 50 <L.< -17 4 0 0
D L.< -50 37 20 39

62 <L.
E 14 <L.< 62 23 8 17
F 0 <L.< 14 23 72 44

Discussion of results

This study has shown that in order to bc used at high winter conditions the two tested
metcorological preprocessors will have to be modified or further developed. The calculated
friction velocitics agreed fairly well with the mcasurements or at least showed a good
corrclation to them. The calculated hcat [luxcs, however, werc lower than the measured
values, and furthermore the disagreement between the two preprocessors was large. The poor
correlation between observations and predictions indicates that some important parameters or
physics arc missing in the models. One reason [or the disagreement between the calculated and
mcasured heat fluxes may be that the parameterization ol nct radiation gives too low values.
The calculated net radiation from the two preprocessors was also shown to differ from the
mcasurements in a way similar to that of the heat flux. The reason for too low net radiation in
the preprocessors may be the assumption of too high albedo valuc or the estimation of too high
outgoing long wave radiation at very low temperatures. The albedo values assumed by the
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preprocessors in this study are probably not too high, since the measurements are made above,
and close to, a homogeneous snow surface. In reality, the albedo value used in meteorological
preprocessors for dispersion models should be reduced from the values valid for homogeneous
snow, because it should be representative for a much larger area. According to these findings
the use of measured radiation may be supposed Lo improve the estimate of heat {luxes. The use
of net radiation as input to the preprocessors will restrict their applicability, since net radiation
is not routinely available {rom ordinary mcteorological observation stations.
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4.3.2 Intercomparison of the SMHI and FMI scheme for high-latitude spring and
summer conditions

In this section, the two meteorological preprocessors rom OML (SMHI) and FMI will be
compared [urther. In the previous section, 4.3.1, the comparisons focuscd on the behaviour of
the preprocessors under extreme winter conditions at high latitudes in northern Sweden. In the
present section, these comparisons are cxlended with evaluations [or spring and summer

conditions at moderately high latitudes in central Sweden.

4.3.2.1 Field measurements

The measurement data were obtained from the intcrnational measurement campaign NOPEX
(Northern Hemisphere Climate Processes Land-surface Experiment), where the overall
objective is to quantify the energy and mass budgets for landscapes dominated by boreal
forests. The NOPEX experiment region is siluated in central Sweden in the surroundings of
Uppsala (59°52°'N,17°38°E). In general, this region is characterized by a flat landscape with a
variation of the topography height between 30 and 70 mcters above sea level. Vegetation types
and ground usage consist of a mixture of boreal forests and agricultural regions. Even though
forests as a whole arc dominating this part ol Swedcn, areas are still found where major
fractions of the ground are used for agricultural purposcs. As for the NOPEX measurements,
two concentrated field efforts have so [ar been performed, namely during 27 May - 23 June
1994 and 18 April - 14 July 1995.

The measurements usecd in this study arc taken (rom both NOPEX field campaigns for two
dilferent sites. The first site is located at Marsta, about 10 km north of Uppsala, while the
sccond one is found at Tisby, some 35 km west of Uppsala. These sites are situated in
agricultural land-use regions, where the immediate silc surroundings are covered with grass

and herbs, while [urther away, fields covercd with various kinds of crops are found.

Dircct measurements were performed for the surface (luxcs of heat and momentum, and for net
radiation. At Marsta, the turbulent fluxcs were measured at a height of 10 m, using a sonic
ancmometer (Solent Ultrasonic Anemometer 1012R2). Net radiation mcasurements were
carricd out with a Siemen-Ersking net radiometer mounted at a height of 1.5 m. The reference
tempcrature was measured at 1.9 m abovc the ground. The Marsta data are given as 10-minute
averages. At Tisby, the turbulent fluxes were measured at a height of 6.8 m using a sonic
ancmometer (Kaijo Denki DAT/TR-61B). The ncl radiation measurements were not available
for the present study. The reference temperaturc at 2 m above the ground was measured only
during the 1995 ficld campaign. The Tisby data arc given as 30-minute averages. For the
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purposc of comparing the measurcments with the cstimates {rom the preprocessors, the
10-minute averages from Marsta and the 30-minute averages from Tisby were both reduced to

hourly averages.

The values for the friction velocity, surfacc sensible heat [Tux and Monin-Obukhov length were

calculated as [ollows from the measurcment data:

——\2 2 —\2
ul= (u'w') or = (u’w’) +(v'w')

H=c,pwl
; ul

8

Ty cpp

where u, is the friction velocity, I the surlacc sensible heat flux, L. the Monin-Obukhov
length, u’and v” the turbulent deviations of horizontal momentum, w” the turbulent deviation of
vertical momentum, T~ the turbulent deviation of temperature, K von Karman’s constant
(= 0.35), g the acceleration due to gravity (= 9.81 m/s?), ¢, the specific heat of dry air at
constant pressure (= 1004.64 J/K/kg), p the density of dry air (= 1.29 kg/m), and T, the 2 m
reference absolule temperature.

4.3.2.2 Synoptic observations and preprocessing

The meteorological preprocessors base their calculations completely upon regular synoptic
obscrvations (SYNOP). The synoptic station located most closely to Marsta and Tisby is
Uppsala Airport, located in the northern part of the city of Uppsala. Marsta is located some
8 km north of the airport, and Tisby about 35 km west thereol. The synoptic parameters were
first modificd or prepared so as to provide the proper input format needed by the
preprocessors. For the roughness length, a value of 0.02 m was used [or all wind directions.

The FMI scheme requires one non-standard parameter that is not normally contained in
SYNOP, namely the relative, hourly sunshine duration. This parameter is used as the
regression variable for the estimation of the shortwave radiation component in the surface
energy balance cquation, see sections 2.4 and 4.2.1 for further details. Sunshine data were not
available for the synoptic station at Uppsala Airport. For situations when this parameter is

missing, the FMI scheme calculates the shoriwave component by using a regression equation




58 Surfuce Energy Balance COST 710 - WG1

which instead is a function of total cloud cover. The regression cocllicients in this equation

have been deduced from a 10-year measurcment (it in Finland.

Using both preprocessors, calculations were performed for the standard synoptic observation
periods at 0, 3, 6, 9, 12, 15, 18, and 21 GMT, giving values for the friction velocity, the
surface sensible heat flux, net radiation and the Monin-Obukhov length. These values are then
compared to the hourly averages of the ficld mcasurcments al corresponding hours. The
preprocessor calculations were made, utilizing computer codes provided by the Danish
National Environmental Research Institutc (OML) and the Finnish Meteorological Institute
(FMI).

Snow was obscrved on scattered days during thc month of April 1995, with four days of

complete snow cover, and another four days where the ground is partially covered with snow.

4.3.2.3 Momentum flux

In Figure 4.3.2.1, comparisons of friction velocity are made between the two sites at Marsta
and Tisby, as well as between the two mcetcorological preprocessors. The correlations between
the measured and the calculated values in Figs. 4.3.2.1A-D arc scen to roughly equal the
correlation between the two measurements in Fig. 4.3.2.1F. This indicates that the estimates
from the preprocessors are representative for the greater region around the synoptic station.
However, the preprocessor estimatcs arc slightly better corrclated with the Marsta
mcasurements, but this is natural in view of its closer location to the synoptic station.
Fig. 4.3.2.1E shows that the results for the two preprocessors compare very well, yet the
average values are about 30% higher for the FMI scheme. Moreover, the OML scheme
appears to have difficulties in estimating low friction velocily values. In general these findings
compare well with the results shown in figurcs 4.3.1.1 and 4.3.1.2 for high-latitude winter

conditions.

4.3.2.4 Surface sensible heat flux

The results for the surface sensible heat flux show a somewhat lower correlation than for the
friction velocity. In figure 4.3.2.2 the comparisons [or the measurcd and computed values are
shown. The heal [lux is defined to be positive when dirccted upwards, and negative when
directed downwards. As for the measurcments, it is scen in Fig. 4.3.2.2F that the values for
Marsta and Tisby correlate well. However, the average value of 46.8 W/m® at Tisby is higher
than the 26.7 W/m’” at Marsta.
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The calculations by the OML preprocessor arc in good agreement with the measurements,
especially with those in Marsta, as shown in Fig. 4.3.2.2A, cven though the average value of
the OML estimatcs is some 20% lower than thc measurements. In comparison with the Tisby
measurements, the OML results tend on average to be even lower, especially for the higher
positive fluxcs, that is, for events with strong incoming solar radiation (Fig 4.3.2.2C).
Apparently OML has difficulties in estimating scnsible heat fluxes above 200 W/m®

The estimates provided by the FMI preprocessor split into two groupings (Figs. 4.3.2.2B and
D). The first group consists of realistic surfacc flux calculations in the near-zero range of -
50 W/m® to +50 W/m?, corresponding to cases with Jow incoming solar radiation, c.g.
nighttime cases or overcast skies. For this group the correlation is good. The second group is
mostly made up of values larger than zcro, corresponding to cases with higher incoming solar
radiation values, ¢.g. daytime cases with low amounts of clouds. Here the estimates also have
an upper cut-offl value of about 100 W/m®, and the correlation is very low, and actually close

{0 zZero.

For the FMI scheme, the probable causc for the differing behaviors between the two groups is
the missing hourly sunshine data, which forces the model (o use a regression based on total
cloud cover data (see section 4.3.2.2). For cases with low incoming solar radiation, such as
during nighttime or overcast skies, the incoming shortwave solar radiation component plays a
minor rolc in the surface energy balance cquation, and the missing sunshine information will
not Jead to critical errors. However, for cascs with high solar radiation values, such as during
daytime with relatively clear skies, the shortwave component in the surface energy balance
cquation plays a major role. The abscnce of sunshine data will then reduce the accuracy of the
nct radiation estimate, thus giving poor results [or the sensible heat flux since it is strongly
dependent upon the net radiation. These deviations can be seen in the comparison between the
OML and FMI scheme in Fig. 4.3.2.2E.

The comparison between OML and FMI shows that the OML scheme underestimates the
fluxes somewhat more than the FMI preprocessor for the case of ncar-zero fluxes. For this
range of flux values, similar results arc obtained in scction 4.3.1 for the high-latitude winter

conditions.

4.3.2.5 Net radiation

In Figurc 4.3.2.3 the results for net radiation are shown. Here positive values imply a net
incoming radiation, and negative valucs a nct outgoing radiation. Measurements were made
available only for the Marsta site, thus no results can be presented for Tisby. The figures show
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very identical structures to those for the surface sensible heat flux in Fig. 4.3.2.2, which is

reasonable, since the heat flux is a function of nct radiation.

For the OML preprocessor in Fig. 4.3.2.3A, the corrclation is high with the Marsta
mcasuremcents, cven though the average of the OML cstimates is about 10% below that of
Marsta. For the FMI cstimates in Fig 4.3.2.3B it is again scen that the valucs divide into two
groups, one lor ncar-zero values, and another onc¢ for positive values. The probable
cxplanation for this phenomenon is again the missing sunshinc data, as explained in section
4.3.2.4 for the sensible heat flux. For the FMI scheme, the upper cut-off value is about
200 W/m®. Thus, the two preprocessors corrclate well for the ncar-zero fluxes, which is in
good agrcement with the high-latitude winter results in Fig. 4.3.1.5, but a poor correlation is
found for the positive fluxes where shortwave radiation plays an important role (Fig. 4.3.2.3E).

4.3.2.6 Monin-Obukhov length

The Monin-Obukhov length L is obtained by combining the parameters of [riction velocity and

surface sensible heat {lux. The Monin-Obukhov Iength is most casily evaluated by observing

the frequency with which various valucs of the inverse 1/L occur. The results are scen in Fig.

4.3.2.4, and compare well with the theoretical comparison shown in Fig. 4.2.4. Furthermore,

the frequency distribution for the two measurement sites Marsta and Tisby in Figs. 4.3.2.4A-B

is quite similar, with Tisby containing a slightly higher (requency for the near-neutral cases on
“'the stable side. )

Ovecrali, the calculations of OML and FMI comparc well with the measurements. However,
two points should be mentioned. Firstly, the OML preprocessor in Fig. 4.3.2.4C contains a
sharp spike at the value of 1/L = 0.5 m™. The rcason for this occurence is that during near--
ncutral situations on the stable side, with valucs of L < 100-z, - where Zy is the roughness
length - OML automatically increases the valuc to L = 100-z. In this way the stability is
limited, so extremly stable situations (wich can cause numecrical problems in the preprocessor)
are not possible. In our case, zo = 0.02 m, leading to a valuc of 0.5 m™ for 1/L, corresponding
to the spike scen in the figure. Secondly, the FMI scheme gives a slower decline of the
frequencics on the stable side (Fig. 4.3.2.4D) as comparcd both to the measurements and to
thc OML scheme (Fig.4.3.2.4C). This implics that the FMI scheme will produce more stable
situations than OML, which agrees well with the findings in Fig. 4.2.4.



COST 710 - WG Surface Energy Balance 61

4.3.2.7 Summary of comparisons

The comparisons show that the measurements at the two different sites correlate well for all
parameters. As for the calculated values, the preprocessor estimates of the friction velocity
have a good agreement with measurements, and the two preprocessors have an extremely high
correlation with cach other. For the surface scnsible heat fluxes, the calculated values tend to
be lower than the measured ones. The OML preprocessor, in general, is in good agreement
with measurcments. However, for both near-zcro as well as for higher heat flux values, OML
tends to give lower values than measured. The FMI scheme produces good results for the
ncar-zero lluxes during nighttime cases or overcast skies, while the estimates are poor for
positive fluxes during daytime clear-sky cascs with a higher incoming solar radiation. The
cause for the low accuracy FMI results is belicved to be the missing sunshine information
nceded for the net radiation calculation., Overall, the OML and FMI models correlate well for
ncar-zero [luxes, even though the OML valucs mostly are lower here than the FMI estimates.
However, the schemes deviate substantially for positive [luxes during episodes with incoming
solar radiation. For net radiation, results arc similar to thosc for the scnsible heat flux. Finally,
for the inverse Monin-Obukhov length, it is found that the l’rcquenc;' distributions of both
mcasurements and calculations show similar structurces. The OML estimates, however, indicate
a [requent occurence of the value 0,5 m™, which is found to be causcd by the algorithm which
prevents extremely slable situations {rom occuring. It is also scen that the FMI scheme gives a
slower cut-off behavior for near-ncutral situations on the stable side than the measurements
and the OML preprocessor.
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Fig. 43.2.1 Friction velocity, with the following comparisons: a) OML-Marsta, b) FMI-
Marsta, ¢) OML-Tisby, d) FMI-Tisby, ¢) OML-FM]I, and {) Marsta-Tisby. The
correlation coefficients are given by R. Average values found at top of figure.
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Fig. 43.2.2 Sensible heat flux, with the following comparisons: a) OML-Marsta, b) FMI-
Marsta, ¢) OML-Tisby, d) FMI-Tisby, ¢) OML-FMI, and {) Marsta-Tisby. The
correlation coefficients are given by R. Average values found at top of figure.
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NET RADIATION
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Fig. 4.3.2.3 Net radiation, with the following comparisons: a) OML-Marsta, b) FMI-Marsta, <)
OML-Tisby, d) FMI-Tisby, ¢) OML-FMI, and ) Marsta-Tisby. The correlation
coefficients are given by R. Average values found at top figure.
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4.3.3 Intercomparison of profile method with data

Comparisons of the profile method with data have been studied by numerous authors
(Zilitinkevich and Chalikov, 1968; Webb, 1970; Dyer and Hicks, 1970; Businger et al, 1971;
Garral, 1977; Wieringa, 1980, Dyer and Bradicy, 1982; Webb, 1982: Foken and Skeib, 1983;
Hogstrom, 1985; Hogstrom, 1988; Zhang ct al, 1988,) and scem to give good results if the
method is used in good conditions.

- accurale measurcments near the ground in the SL by taking care of flow disturbance by
instrumentation

- good horizonlal homogeneity of the sitc

But, in fact, these optimal conditions are not always respected and necessary data are not
always available.

In that way, a comparison study between the resistance and profile methods has been achieved
by Rioux and Musson-Genon (1995) by using data collected during a boundary layer
expcriment focused on pollution events in the Paris arca. During this experiment, one site in
the surrounding of Paris was instrumented with a LIDAR, a SODAR, a sonic anemometer, and
a classical meteorological surface station. Nevertheless, only a screen level temperature was
directly measured by a thermometer.

So, for the profile method, a temperature al z (thermal roughness height) has been
reconstructed with the measurement of infra-red radiation emitted by the earth’s surface.

Duc in part of the strong dependence of IR radiation on temperature and to the difficulty to
obtain a good estimation of zy it seems difficult to conclude, since the profile method is not
applied in good conditions.
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4.4 INTERCOMPARISON OF CALCULATED GROUND HEAT FLUX WITH DATA

The following results are restricted to the sensor configuration recommended by the supplier
of the ground heat flux device. Dillcrent setting (c.g. position of the sensor in the soil,
chap.2.5.1) could affect the conclusions (Muehlemann, 1996).

4.4.1 Diurnal cases

A series of selected diurnal variations are used to compare the ground heat [lux at the surface,
calculated with diflerent parameterization schemes with measurements. Three meteorological
clear day situations with rather weak wind have been chosen: two warm episodes in September
and October and one cold period in November. The results presented in figure 4.4.1 can be
summarized as follows.

Using the proportionality models, the measurcd ground heat f{lux is underestimated by about a
third of its value. Stull (1989) noted that the proportionality constants are linked to specific
conditions and should not be looked upon as universal constants. The factors undergo, in our
experiments, strong variations within the sclected periods. The ground heat flux can be
estimated with a better accuracy when the appropriate factor is available. The site dependence
ol these models is probably not negligible.

The Arya model requires a sinusoidal distribution of radiation. But heat flux maxima at night of
thc same order of magnitude as those in daytime dont occur regularly. The model would be
probably betler adapted for the parameterization of the much larger annual temperature and
heat flux cycles.

The Stull’s two-layer parameterization of the ground heat flux (force-restore model) gives
generally correct estimates of the amplitude of the ground heat flux. A precise knowledge of
the soil temperature at a depth where short term (few days) oscillations become negligible or
within a tolerable limit is required. The seasonal dependence of this temperature must be
introduced. 1n Figure 4.4.2 this temperaturc is allowed to be determined as a function of the
time of the year. Knowing the actual diurnal amplitude of the surface temperature, one can
determine the diurnal damping depth (left pancl). The right panel gives then the monthly
average measured lemperature at this depth. In cold periods, when the top soil freezes, the
diurnal amplitude of the top soil temperature tends to zero and Ty, ~ Tg .
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Proportionality to net radiation
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Fig. 4.4.1 : Diurnal variations of the mcasured (shaded lines) and the calculated
(solid lines) ground heat flux at the surface. Comparison for three days and
5 methods.
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Fig.4.4.2: Left: depth in the soil at which the diurnal amplitude of the temperature is equal
to one degree C for a given amplitude at the surface and for 3 values of the soil thermal dif-
fusivity. Right: annual variation of temperature in the soil, ANETZ-station Payerne (average
over 6 years)

The structure of the Holtslag - van Ulden model implics a separate discussion of the
comparison results for day- and night-time. The daytime ground heat fluxes for the periods
were generally cstimated with a precision of 10% or better. But underestimations by about
30% occur also. Night-time ground heat fluxes are cstimated from Monin-Obukhov similarity ;
theory. The resulis are therefore dependent upon the inherent correctness of this procedure.

This does not scem to be the case at "low" wind speeds. The precise value of "low" seems to
be around 2 m/s, but must be considered in relation with the other parameters.
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4.4.2 Statistical results

As reported in chapter 2.5.2, proportionality factors are proposed for the determination of
ground heat {lux at the surface using time serics of nct radiation. Figure 4.4.3 (left panel) gives
the statistical correspondence between one year time series of ground heat flux and net
radiation adjusted with the proportionality factors of 0.1 (day) and 0.5 (night). The coefficients
given in Figurc 4.4.3 (right panel) arc estimated from a lincar best {it applied on these two
serics. The nocturnal data require a proportionality factor which does not differ much from the
value found in the literature. The daytime value of 0.1 seecms to be low compared to the value
estimated from the lincar fit. It is certainly so becausc the relation between net radiation and
the ground heat flux at the surface is site dependent, especially in daytime.

Qg =0.1*R, day / Qg =-12+021*R, day
8l Qg=0.5*R, night / 8] Qg=-10+043*R; night Vs
< o
o
S s S s
<
3 - 3 -
2 2 ya Residual standard error
day: 22, night: 8 W/m?
~50 0 50 1(‘)0 1;0 » -50 g 5'0 100 150_ i
measured ground heat flux Qg measured ground heat flux Qg

Fig. 4.4.3: Left: ground heat flux at the surface determined from measured net radiation
with the commonly proposed proportionality factors of 0.1 for the day and 0.5 for the night
versus measured ground heat flux at the surface. Right: linear best fit between measured net
radiation and measured ground heat flux at the surface . The day-night limit is given by the
value of the total incoming radiation > 5 W/m?. Measurements taken at Payerne from
August 1995 to July 1996.

The force-restore method presented in chapter 2.5.2 is a simple way to cstimate the diurnal
evolution of the ground heat flux at the surface with a sufficient accuracy over the year. For
the calculations, the following approximations are introduced :

- the annual avcrage and amplitude of the surface temperature obtained by the temperature
measured at 5 cm over the surface.
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- the temperature of the shallow slab of soil Tg measured at 5 cm below the surface.

The way to detcrmine the temperature of the thick bottom slab (T, in the relation 2.5.4) or/and
to choose the depth, at which this tcmperature has to be provided for an optimal estimation of
Qq, does not seem very clear for the two-layer model. Using a constant temperature for T,y at a
fixed depth where oscillations are negligiblc (e.g. 0.5 m or morc) overweightes the effect of the
deep soil layer when the top soil freezes. The seasonal dependence and also the dependence to
the large temperature change induccd by weather fluctuations, should be introduced to
improve considerably the results. The analytic solution of the thermal wave propagation in a
homogeneous soil with the surfacc temperature simulated as a sinusoidal function of time
(annual period) does not replicate thesc fluctuations.

The left panel of Figure 4.4.4 compares the result of the model using only the seasonal
dependence of Tm. The correspondence is as cxpected relatively poor. A noticeable
improvement is obtained by reducing the restore-term by a factor of 2. The correlation
increases then from 0.6 to 0.8. The determination of Tg in the restore-term as an average
between measurements made at 5 cm above and below the surface also introduces an
improvement. Additional linear regression, performed separately for day and night, gives a
correlation over 0.9 with a residual error of about 15 W/m?, respectively 5 W/m® but makes
then the model site dependent. The right pancl of Figure 4.4.4 gives the result of the
comparison when Ty, is given by the mcasured soil temperature at 10 cm. This shows that by
the determination of hourly ground heat flux T, and T must be never disconnected.
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Fig. 4.4.4 . Left: ground heat flux at the surface determined with the force-restore method
using a sinusoidal function for T,, versus measured ground heat flux at the surface. Right:
same as left, but using the measured soil temperature at 10 cm for T,,, . Measurements taken
at Payerne from August 1995 to July 1996.
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In summary in order to use the force-restore method (o estimate the hourly ground heat flux at
the surface with sufficient accuracy, it is nccessary (o have a measurement of the soil
temperature representative of the top layer. Morc physics should be included into the
determination of the ground heat flux Qq; however the use of the force-restore method for
the determination of Q g can be recommended.
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5. LIMITATIONS

The availability of adequate meteorological input data for dispersion modelling often is a
problem. Even if data exist, it is sometimes nol casy to decide, whether they fit the needs of a
given situation. So, before using a method or model, it is always necessary (0 check the validity
ol the availablc input data. Some of the most important problems with input data, although not
answered in detail, shall be mentioncd in the [ollowing subchapters.

REPRESENTATIVENESS

Represcntativeness with respect to time and (o horizontal space:
Time and length scale of the application al a dispersion model determine the resolution of
the input data nceded.

Bach metcorological measurement/observation has as a different representaliveness depending

on various circumstances, as there are the

- parameter itself (e.g. a cloud cover obscrvation used for parameterizing components of the
radiation budget has a rather wide representativencss in space and time compared to an
instantancous wind measurement, especially in complex terrain and an unstable planetary
boundary layer) -

- siting of the measuring instrument (obviously, measurements may be influenced by buildings
or vegetation)

- frequency of measurements and construction of mean values as output of an observation (in
the case of high frequent measurcments c.g. with sonic ancmomecter up to 20 Hz, it is
important to choose appropriate time intervals and methods for the extraction of mean
values and variances)

- application purpose (e.g. single casc or statistical application; gencrally single case studies
need morc detailed input data than statistical applications)

- weather situation (especially for singlc casc studies; ¢.g. the variability of meteorological
paramelters is much greater in a [rontal zonc than in an anticyclonic influenced region)

The various problems connected with the asscssment of meteorological input data are
addressed by many authors, e.g. Hanna and Chang (1992), Wicringa (1993), King (1989),
Nappo (1983), Weill (1981), Wood (1977), Pruchnicki (1977).

The methods presented here give local determinations of turbulent {luxes and Monin Obukhov
length to be used for defining turbulence parameters in Gaussian dispersion models. Therefore
these methods should be used in the vicinity of the measurements under the condition of local
horizontal homogeneity. This is valid for flat landscape, but certainly not in case of significant
orography. Orography may lay cnormous restrictions to the representativeness of
mecteorological measurements. Working group 4 is covering these problems.

Urban areas nced special attention within the problem of complex topography. Concerning the
task of determining the surface enrgy balance in urban arcas, no operational tools are available
at present. This is also true for snow covered surlaces.
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ROUGHNESS HEIGHT

The right determination of the roughness height 7o is important for the accuracy of the
dillerent methods mentioned in the report.

For terrain where roughness is very variable in space we have (o determine an effective
roughness that gives the averaged fluxcs [or the arca of interest (Mason, 1988).

In the case ol zo determination from wind mcasurcments, the concept of blending height (i.e.

the height at which flow changes from cquilibrium with the local surface to independence of
horizontal position (Garratt, 1994)) has (o be uscd (Mahrt, 1996).

In the case where the profile method is uscd with surface temperature deduced [rom radiation
measurements, the concept of thermal roughncss height 7oy is necded, even thus atmospheric
models oflen inappropiately assume that 7y is identical to 7.

SURFACE LAYER HEIGHT

The height of the surface layer, defincd as the altitude where the fluxes have decreased less
than twenty percent from their surface value, is depending on stability and an cstimation can be
uscful to be sure (hat the data used to determine the fluxcs arc really within the surface layer.

For the siting of measuring instruments it is important to remain within the surface layer,
especially under stable conditions, when the surface laycer might be very shallow.

Other limitations

MO - theory is only valid in the surfacc layer. The MO - theory may not be valid under very
stable conditions with low wind speed.

There is a lot of uncertainty in the determination of the surface energy balance in urban areas.
Only fcw data on surface energy balance arc available for snow covered surfaces.
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6. SUMMARY OF RESULTS

Working group 1 has investigated methods for parameterizing the components of the surface
cnergy balance, such as the atmospheric heat, momentum and moisture fluxes and the ground

heal flux under horizontally homogencous conditions.

In one study (scction 4.2.1-2), the FMI- and thc SMHI- scheme (based on the HU- and BP-
schemes, respectively) were intercomparcd. This study aimed to investigate the properties of
thc two schemes relative to each other, and did not involve direct comparisons with

observations:

Net radiation, estimated with the two schemes, compares well under cloudy sky conditions.
When the sky is clear or overcast, the SMHI (BP) scheme predicts up to approximately 20 %
targer values of net radiation than the FMI (HU-bascd) scheme during the day and up to 30 %
smaller valucs of net radiation during the night. Differences in net radiation are the largest
under clear sky conditions: during daytime, the differcnce increases with increasing solar
elevation; during night-time and with tempceratures below 5°C, the difference increases with
decreasing temperatures (minimum temperatures around -20°C). However, comparing quantile
- quantile distributions of calculated net radiation [rom the FMI and OML (BP) scheme for one
ycar of data from Southern Finland, both methods give very similar results for the net
radiation.

The quantile - quantile distributions of the calculated scnsible heat fluxes differ significantly
between the FMI and the OML modcl. Although the basic input data are identical and the net
radiation distributions are nearly the same, the OML model gives consistently lower sensible
heat flux values for stable and unstable conditions. The results suggest, that the two
parametrization schemes divide differently the available cnergy between the latent and sensible
hcat fluxes. It is dilficult to determine the wetness of the soil by only using meteorological
data. Only the number of cases with positive and with negative sensible heat flux values
estimated by the two models is roughly the same. The BP scheme impedes the growth of 1/L.
under stable conditions, while the FMI model can generate “super stable” conditions.

Galinski and Thomson (1995) compared the original HU and BP schemes and a third one
(Smith, 1990) with almost three years of mcasurements from Cardington in UK. During the
daytime, all three schemes are based on the surface energy balance, during the night-time only
the scheme of Berkowicz and Prahm. The other two schemes estimate the nocturnal heat flux
dircctly. In the intercomparison study of Galinski and Thomson the three daytime net radiation
schemes gave quite similar results. Their gencral conclusion was that for daytime conditions all

three schemces give uscful correlations for scnsible heat (lux. All three schemes showed a
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tendency to underpredict high sensible heat flux valucs, in particular for the HU method.
Galinski and Thomson attributed this tendency to the fact, that during dry summer months soil
moisture and water loss by transpiration is not treated properly (or at all). During daytime the
Berkowicz and Prahm heat {fux scheme performed best. The use of measured net radiation
data in place of derived data did not makc a large difference in the results. During night-time
the scatter was larger in all three schemes. The Holtslag and van Ulden scheme performed best

during the night-time.

An intcrcomparison of the FMI (HU) and SMHI (BP) scheme with three months of data from
Umed airport in Sweden for high latitude, stable, low wind, winter conditions was carried out
(scction 4.3.1). The calculated friction velocitics show a high corrclation between the two
schemes. The FMI scheme results in higher values of u-, which is mainly due to the differences
in the roughness length. The FMI scheme assumcs a value of 5 cm for snow covered ground,
the SMHI scheme 1 cm.

Ncither the SMHI (BP) nor the FMI (HU-based) mcthods scem adequate for prediction of
sensible heat flux under the winterly conditions of the experiment. For both schemes the
calculated heal (luxcs are lower than mecasured, and therc is a poor correlation with
measurcments. There is a large disagreement between the two schemes. The poor correlation
indicates that some important parameter or physics is missing in the schemes for snow covered
ground at low temperatures. One reason may be that both schemes fail to reproduce proper
valucs of net radiation which is a crucial paramcter for the determination of heat flux. The
parametrization of nct radiation gives too low values duc to the estimation of too high
outgoing long wave radiation at very low tcmperaturcs. Furthermore, the surface albedo value
used in the schemes should be reduced {rom the values valid for homogeneous snow to make it
representative [or a larger area. Until better parametrizations of net radiation in this type of
winterly conditions become available, it must be recommended to use measured values of net

radiation wherever possible.

The high-latitude spring and summer data from central Sweden (section 4.3.2) obtained during
four months from the NOPEX campaign lead to conclusions consistent with the earlier results.
For daytime cascs with low amounts of clouds the underprediction of the HU scheme (in the
FMI implementation) is more pronounced than it was in the study by Galinski and Thomson.
Here, the FMI heat flux estimates show an upper cut-ofl value of about 100 W/m®. This can -
at lcast in part - be ascribed to an underprediction of net radiation. The FMI method needs
hourly sunshinc duration data for the estimation of net radiation. If these data are not available
(as in this study), the FMI scheme calculates the shortwave component as a function of cloud
cover by using a regression equation deduced from 10-year mcasurements in Finland. The
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problem with net radiation in the FMI method can possibly be alleviated, if the method is used

with the data on hourly sunshine duration, as it was originally designed for.

During night-time conditions, according to Galinski and Thomson, both the HU and the BP
scheme have a tendency to underpredict scnsible heat f{lux. This tendency is particularly
pronounced for the BP scheme. Such behaviour is consistent with the findings from high-

latitude spring and summer data considered here.

Intercomparisons between the resistance and the profile method with data from the Paris arca

did not provide conclusive results duc to cxperimental shortcomings (section 4.3.3).

Ground heat fluxes, calculated with five schemes, arc intercompared with Swiss data from
three clear, weak wind days in autumn (section 4.4). The proportionality schemes
underestimate the measured ground heat {lux by about a third of its value. For clear weather
and scattered cloud conditions, the Arya (1988)-model, which assumes a sinusoidal distribution
ol net radiation, does not reproduce the obscrved asymmetry of the daily cycle of the ground
heat {lux. The Stull (1989) force-restore method generally gives correct estimates of the
amplitude ol the ground heat flux. With the Holtslag - van Ulden fnodel (1983, 1985) the
daytime ground heat fluxes arc mostly within 10 % of the obscrved values. For the night-time,
the scheme has problems to simulate measured ground heat fluxes under low wind conditions.
Intercomparisons with one year of data show thal in order (o use the force-restore method, it is
nccessary to have the measured soil temperature with sullicicnt accuracy. More physics should
be included into the determination of the ground heat {lux; however, the use of the force-

restore method for the determination of the ground heal {lux can be recommended.
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7. RECOMMENDATIONS

The use of current operational methods is in general acceptable; but the methods do have
wcaknesses as pointed out in this reporl, and would benefit from improvements. This is

especially the case [or winter conditions with snow covered ground.

Once should remember that MO theory has been developed for homogencous terrain. However,
a certain inhomogeneity is acceptable, depending on the length scale of the phenomenon with
respect to the wall of the flow. Care has also (o be taken, when the condition of stationarity is

not full(illed, such as with cumulonimbus clouds, rain, fronts, ctc.

The parametrization of the net radiation R, needs to be improved for snow covered ground

and low solar clevations.

Local measurements, either turbulence propertics or profiles, should be used whenever
possible. In the casc there is no local data available, synoptic dala can be used, if they are

representative for the area of application.
The usc of the profile method requires accurate measurements.
There is a need for more data sets to test differcnt paramctrization schemes.

More rescarch studics on the use of NWP - models should be carricd out: e.g. intercomparison
studics between modelled and measured fluxcs.

Modecl output statistics methods should be uscd to improve BL parameters estimated by NWP
modcls.

Finc mesh resolution models are a promising way to obtain more accurate calculation of BL

paramcilers.

Satellite derived data should be included in the determination of the surface energy balance, if
the applicability of the sclected parameter has been validated with ground based measurements.
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ANNEX A

1. INTERNATIONAL COMPARISON OF NWP MODELS

A comparsion between some global NWP models and against climatological evaluations
concerning the components of the surface cnergy budget has been presented by White (1995).
Fig. A.1 shows globally and annually averaged valucs of

- surface evaporation or latent heat {lux
- surface scansible heat flux

- nct solar radiation at the surface

- nct long-wave radiation at the surface

- surface net heat flux

2. SHORT DESCRIPTION OF THE EUROPE-MODELL (EM) AND ITS OUTPUT

The EM is an (;pcrational numerical weather prediction Model of Deutscher Wetterdienst
(DWD). It covers Europe and a part of the North Atlantic Ocean. Table A 1 shows the main

{eatures of the model, including the physical parameicrizations and numerical specifications.

The output of EM comprises the componcnts of the atmospheric cnergy cycle, including the
surface layer. Fig. A 2 illustrates the processes within the modcl; the numbers are mean values
over the EM domain and 31 daily forccasts over periods of 24h, starting {from +6h up to +30h
forccast time (Schrodin, 1996). Principally, the components of the energy balance at the
surlace can be extracted at each time step of 5 minutes and for of any grid point (horizontal
resolution about 55 km) of the model domain.

3. INPUT DATA FOR THE EUROPE-MODELL (EM)

For operational NWP models, a set of grid point valucs of meteorological parameters has to be

determined from the measured and obscrved data before starting the prognostic iteration. The
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steps within this procedure are the numerical analysis, the data assimilation, and the
initialization. For the example of the EM, they are described in Tables A 2 and A 3.

I
|
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Table A1:  The Europa-Modell (EM) of the DWD.

Europa-Modell (EM)

Hydrostatic meso-a scale regional NWP model for the North Atlantic and Europe.

Prognostic variables
- Surface pressure, total heat, total water content, horizontal wind components.

Diagnostic variables
- Temperature, water vapor and cloud water contents, geopotential, vertical velocity.

Numerics

Rotated spherical grid, mesh size 0.5° (~ 55 km), Arakawa C-grid.

Second order horizontal and vertical differencing.

Hybrid vertical coordinates, 20 layers, 6 layers below 1500 m above ground.

Semi-implicit time integration, S-minute time step.

Lateral boundary formulation due to Davies (1976), boundary values provided by the Global-
Modell (GM) at three-hourly intervals.

Forth-order linear horizontal diffusion, slope-correction for the diffusion of total heat.

Physical parameterizations

Grid-scale precipitation including parameterized cloud microphysics.

Mass flux convection scheme after Tiedtke (1989).

Vertical diffusion after Louis (1979) for the surface layer, an extended level-2 scheme after Mellor
and Yamada (1974) higher up.

5-two-stream radiation scheme after Ritter and Geleyn (1992) for short- and longwave fluxes, full
cloud-radiation feedback.

Two-layer soil model after Jacobsen and Heise (1982) including snow and interception storage.
Climate values changing monthly (but fixed during forecast) in third layer.

Topographic data sets

Mean orography, land/sea mask and roughness length derived from the 10'.10' NCAR/NAVY
data set. '

Prevailing soil type from FAO/UNESCO maps.

Vegetation cover and root depth from FAO statistics and potential vegetation (2.5°.2.5° resolu-
tion).

Operational applications
- forecast: initial dates 00 and 12 UTC,; integrations up to 78 hours.
- assimilation cycle: 00, 06, 12 and 18 UTC; integrations up to 6 hours.
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Table A2:  Example of data assimilation and analysis of atmospheric fields in NWP models.
Data Assimilation
Method: 6 hourly intermittent data assimilation. Analyses at 00, 06, 12 and 18 UTC
3 separate streams for GM, EM and DM, coupled only via boundary data
Main steps:  Analysis, initialization, forecast (GM-, EM-. DM-Analysis (GA, EA, DA))
Analysis of atmospheric fields
Mass and wind Humidity
- s . . 3D univariate Ol in the troposphere be-
3D multivariate optimal interpolation (OI) of devia- . o :
Method tions of observations from 6-h forecasts !ow 230 hiPa. Constant specific humidity
in the stratosphere !
Anz?lysed Geopotential height, wind components, Relative humidity
variables surface pressure
Constraints Analysed corrections If)cally approximately nondi-
vergent and geostrophic
First guess 6 hour model forecast

Product of a horizontal and a vertical part.

Horizontal model:

Forecast error Series of Besselfunctions i' ':f
correlation Component length scale (middle latidutes): By~ ¢ T 300km
400 km (GA), 240 km (EA, DA)
Vertical model: Empirical positive definite functions
SYNOP, SHIP:
Pressure. Winds from ships and from tro- | Temperature and dewpoint.
pical landstations Total cloud amount and precipitation.
TEMP, PILOT:
Geopotential heights, winds Temperature and dewpoint. ‘
GA: Only standard levels Standard levels and signifiqant levels up
Observations EA / DA: Additional significant levels to 275 hPa
SATOB: Winds. Not used over extratropical land Upper troposphere humidity (UTH)
areas
SATEM: Thickness data at 500 km resolution. Not .
31
used over land below 100 hPa. Precipitable water content for 3 layers
AIREP, ASDAR: Winds
Observation 3h
time window t 3 hours
it - . . .
3:1311 ¥ con Comparison with first guess, comparison with OI analysis
Realisation Box method: Simultaneous analysis of a large number of data (up to 500) in large partial volu-

mes of the atmosphere
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Table A 3:

NWP models.

Example of data assimilation, analysis of surface parameters, and initialization in

Analysis of surface parameters

Sea surface temperature (SST)

Snow depth

Analysis frequency

Daily at 00 UTC

6 hourly at 00, 06, 12 and 18 UTC

Method

Correction method. Increment calculation
at gridpoints with local data selection.

Influence radius:
450 km (GA), 350 km (EA), 200 km (DA)

Weighted average at gridpoints with local
data selection.

Influence radius:

330 km (GA), 250 km (EA), 200 km (DA)

Weights given to

a) Dependent on distance

Dependent on horizontal and vertical dis-

of the last 7 days

observations b) Dependent on age of observations placement
SYNOP snow depth observations.
Observations SST-data from ships and buoys Snowfall data derived from SYNOP preci-

pitation, temperature and weather observa-
tions of the last 6 hours

Quality control

Comparison with first guess and with near-
by observations

Plausibility checks.
Comparison with previous analysis

sparse areas

EA:  Blending with the global analysis

DA:  Blending with the Europe analysis

First guess Previous analysis Previous analysis
GA:  Blending with SST analysis from Use of snow depth forecast
NMC Washington
Adaption in data

Ice mask

GA: Ice edge data from NOAA /
NAVY Joint Ice Center are used
to create the ice mask in the GM-
grid

EA/DA: Derived from the global ice mask

Smoothing

2-D smoother is applied to the analysed
field

No analysis of soil temperatures and water contents is performed, but the 6-hour first guess fields are taken

Initialization

GM: Non-linear normal mode, 5 vertical modes, non-adiabatic

EM/DM: Implicit non-linear normal mode. 3 vertical modes, adiabatic
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9. LIST OF SOME DATA SETS

9.1 List of recognized existing data sets concerning surface energy balance according to

recent review paper over boundary layer (Garratt et al, 1996)

IIAPEX-MOBILHY Andre et al, 1990
EFEDA Bolle et al, 1993
HAPEX-SAIIEL Goutorbe ct al, 1994
FIFE Sellers et al, 1988
BOREAS Sellers et al, 1995

9.2 List of recognized existing data sets concerning flux-gradient relationships

WANGARA Clarke et al, 1971

KANSAS Yzumi, 1971

MINESOTA Yzumi and Caughey, 1976

LOVSTA Hogstrom, 1988

CABAUW Driedonks et al, 1988
MESOGERS Weill et al, 1988

9. 3 List of some data sets concerning the resistance method

HAIBAKKEGAARD Hansen ¢t al., 1976
MARSTA Hogstrém,1974 ; Deheer-Amissah et al., 1981
CABAUW Holtslag et al., 1983

CARDINGTON Galinski and Thomson, 1995
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4.3. INTERCOMPARISON OF METHODS WITH OBSERVED DATA

4.3.1 Intercomparison of SMHI-scheme and FMI scheme for high latitude winter
conditions

The study described in this subsection deals with high latitude winter conditions. The two
commonly used preprocessing schemes, the HU (Holtslag and van Ulden, 1982; 1983) and the
BP (Berkowicz and Prahm, 1982b) schemes are compared to measurements and to each other
during a period of typical high latitude winter conditions.

The implementation of the schemes are, respectively, that of the FMI (Karppinen et al., 1996)
which is based on the HU scheme, and that of thc SMHI (Omstedt, 1988) which fully
represents the BP method. The purpose of this comparison is to investigate how well such
meteorological preprocessors perform during typical winter conditions. The purpose of this
comparison is to investigate how well such metcorological preprocessors, would perform
during typical winter conditions in northern Europe. During winter time at high latitudes the
surface is often snow covered with high albedo values, and the incoming solar radiation is
small or abscnt during the whole day. This may result in very stable stratification with low
temperatures and low wind speeds - conditions which can prevail for extended periods of time.
Such situations are neither rare nor extreme for the northern- areas. Furthermore, the
concentration of most pollutants reach their annual maximum during the winter.

Measurements

The measurcments used for the study were made at Umed Adrport (63°48' N, 20°17' E), just
outside the city of Umed, along the castern coast of Sweden. The period chosen for this study
is from January 18 to March 17, 1994. During the whole period the ground was covered with a
layer of snow (=0.6 m thick), the temperature and wind spced was mainly low, which together
with weak insolation gave the desired "stable to very stable" conditions.

Direct measurements of the surface fluxes were accomplished by the usc of a Solent sonic
ancmometer and the eddy-correlation technique. The sonic ancmometer was mounted on a
small mast at the height of 5 m, and the sampling frequency was set to 20 s, Additionally riet
radiation was measured with a net radiometer (Siemen-Ersking) mounted at 2 m height on
another mast close to the first one. The masts were situated in a flat area about 150 m from the
runway, which was covered by a thin layer of snow. The closest buildings were about 200 m to
the NNE of the masts, and only in narrow wind direction scctor. Routine meteorological
observations, [rom the synoptic station at the airport, werc made available by SMHI.

Mcasurements of hourly sunshine time, used as input data for the FMI preprocessor, was also
provided by SMHI.

Method

The compared parameters were the {riction velocity (us; or momentum flux) and the surface
sensible heat [lux (H), since most parametcrizations arc bascd on the Monin-Obukhov length
scale, L.
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10. LIST OF SOME PREPROCESSING METHODS WITH AVAILABLE
PROGRAMS

Beljaars, A.C.M., and Holtslag, A.AM., 1990. A software Library for the Calculation of
Surlacc Fluxes over Land and Sea. Environmental Software 5, 60-68.

Hanna, S., R., and J.C. Chang, 1991. User’s Guide for the HPDM-4.0 Software Package. The
Elcctric Power Research Institute, 3412 Hillview Avenuc,Palo Alto, CA 94303.

Olesen, H. R. and Brown, N., 1992, 2. ¢dition: The OML meteorological preprocessor - a
soltware package for the preparation ol metcorological data for dispersion models. MST
LUFT-A122. National Environmental Research Institite, DK-4000 Roskilde, Denmark.

PBL-MET LIBRARY : A software library for advanced meteorological and air quality data
processing. SERVIZI TERRITORIO S.C.R.L., Ciniscllo Balsamo, MILAN, ITALY

A workstation version of the EM/DM system is available from DWD, also a detailed
documentation including all paramcterizations (Majewski, 1995; Schrodin, 1995).

C. Roos and F. Stcffany, 1994. Energic-Bilanz-Modell EBiMo, Benutzeranleitung, Institut fiir
Meteorologic und Geophysik, Universitidt Koln.
The model EBiMo, described in 2.1.2, is available from Kerschgens, University of
Cologne.




