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Abstract

Reference radiation model resubts have been calculated to assess and improve simple parameterized ra-
diation models which arc applied in mesoscale circulation models. For cloud-free cases atmospheric heating
rates {solar, terrestrial) and downward flux densities at the surface (direct solar, diffuse solar, terrestrial)
arc presented for several atmospheric and surface properties including different albedo and turbidity
values, a ground inversion, and surface temperature deviations.

Reference model results are compared with results from the improved version of the Mahrer and Pielke
(1977) radiation scheme and two other simple radiation models. Deviations generally arc less than 5%
for the total downward surface fluxcs and less than 10 Wm~2 for the net fluxes at the surface. Concerning
heating rates deviations are generally less than 20% or 1.5K/d. In the layer between surface and 10m
height, larger deviations occur in the ground inversion case due to the strong vertical temperature gradients,
if Sasamori's (1972} approximation is applied in the calculation of terrestrial heating rates.

Zusammenfassung

Verbesserung von einfachen S trahlungsparameterisierungen in Mesoscale-Modellen — Eine Fallstudie
Ergebnisse von Refercnzstrahlungsmodellen werden berechnet zur Bewertung und Verbesserung cinfa-
cher, parameterisierter Strahlungsmodelle, die in mesoskaligen Zirkulationsmodellen verwendet werden.
Fir den wolkenfreien Fall werden Erwirmungsraten (im solaren und im terrestrischen Bereich) und die
nach unten gerichteten Strahlungsflisse am Boden (direkte solarc, diffuse solare, terrestrische Strahlung)
prisentiert und zwar fir verschiedene Zustinde der Atmosphire und verschicdene Oberfldcheneigen-
schaften, u.a. fir verschicdene Albedo- und Tritbungswerte, fir Fille mit Bodeninversion und Boden-
oberflichentemperaturabweichung.

Die Ergebnisse der Referenzmodelle werden mit den Ergebnissen der verbesserten Version des Strah-
lungsmodells nach Mahrer und Piclke (1977) und mit zwei anderen einfachen Strahlungsmodellen vergli-
chen. Die Abweichungen sind im allgemeinen kleiner als 5 % fiir die nach unten gerichteten Gesamtstrah-
lungstliissc am Boden und kleiner als 10Wm=2 fiir dic Nettostrahlungsfliisse am Boden. Die Abweichun-
gen bei den Erwirmungsraten sind im allgemeinen kleiner als 20 % oder 1.5 K/d. Im Bodeninversionsfall
treten in der Schicht zwischen Boden und 10 m Hohe grofere Abweichungen auf aufgrund der groBen
vertikalen Temperaturgradienten, wenn zur Berechnung der terrestrischen Erwinnungsraten die Approxi-
mation nach Sasamori (1972) verwendet wird.

1 Introduction

Realistic simulations of the diurnal cycle of thermally
generated mesoscale atmospheric systems, as are sea-
breeze or mountain-valley-wind circulations, require 4
description of the radiative processes involved. To keep
the computational effort reasonable, radiation schemes
in mesoscale or other atmospheric circulation models
are more or less parameterized compared to “exact”
models, which numerically solve the equation of radia-
tive transfer and perform a subsequent integration with
respect to wavelength.

In order to quantify the accuracy of the radiation
parameterization in general circulation models, the
ICRCCM program {Intercomparison of Radiation
Codes in Climate Models) was started. Results of ter-
restrial clear-sky radiation calculations (Luther and
Fouquart, 1984) show an agreement concerning the
downward surface flux densities of line-by-line models
of about 5Wm 2, and of about 30 Wm™ when para-
meterized models arc compared. Unfortunately, special
mesoscale aspects, as large temperature gradients near
the surface, are not considered. Vogel and Wippermann
(1982) compare different terrestrial radiation models
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in the mesoscale application, but only models that are
more or less parameterized. A number of radiation
models in the solar spectral range are compared by Bird
and Hulstrom (1981), but only direct irradiance is
examined. Further simple solar radiation models are
discussed and compared by Igbal (1983). More com-
plicated radiation models, based on so-called approxi-
mative methods, see e.g. Meador and Weaver (1980)
or Bott and Zdunkowski (1983), have been developed
for use in climate models. However, up to now there is
no broad consent, what degree of complexity is neces-
sary for application to mesoscale problems.

The purpose of this paper is to present improvements
of theradiation scheme of the Mahrer and Pielke (1977)
mesoscale model, which has been used in many places
for a large number of mesoscale applications. The im-
provements are guided by comparing the model results
with the corresponding results of “exact” radiation
codes. These reference model results have been com-
puted for different cloud-free atmospheric states and
several surface properties especially focussed on mid-
latitude mesoscale applications in elevated terrain.
Of course, the set of cases is not complete in a sense
that any possible configuration is taken into account.
However, the cases cover a wide range of the natural
variety in the mesoscale. The purpose is to show
whether for these cases even simple radiation para-
meterizations yield results that are sufficiently ac-
curate to be used in mesoscale models successfully.

Presently, there is no widely accepted “exact™ radia-
tion code to solve the equation of radiation transfer
and to perform a wavelength integration in the solar
spectral range. Therefore we use our own codes (Quen-
zel, 1978; Koepke and Kriebel, 1987) which are proved
to give mathematically correct (Lenoble, 1977) and
realistic results (Kriebel and Koepke, 1987). The ter-
restrial code (Grafdl, 1978) used in this study is proved
to give realistic results too (Luther and Fouquart,
1984).

Following a brief presentation of the reference radia-
tion models used in this case study, we define the
model input parameters concerning different atmos-
pheric and surface properties. For comparison with
parameterized radiation schemes the quantities of
interest are the surface flux densities and the vertical
profiles of the heating rates. Thercfore reference sur-
face flux densities are given in tables and atmospheric
heating rates in graphical presentation. Then we
present the radiation parameterization scheme of the
Mahrer and Pielke (1977) model especially focussed
on the improvements that have been made here to-
gether with two other simple radiation schemes. Final-
ly the results of the model comparisons are listed and

discussed with respect to the application in mesoscale
circulation models.

2 Characteristics of the Reference Radiation
Models

2a Reference Model for the Solar Spectral Range

Clear sky surface flux densities and heating rates in the
solar spectral range (i.e. A <3um) are computed in
four steps: First, spectral radiances are calculated,
second, integration over the wavelength is performed,
third, the radiances are integrated to radiation flux
densities and fourth, the heating rates are determined.

Spectral radiances L9, &, ¢) where &¢, 9, ¢ denote
the solar zenith angle, the zenith angle and the relative
azimuth of a particular direction, respectively, are
calculated by a successive-orders-of-scattering program
(Quenzel, 1978) which accounts for all orders of scat-
tering and allows for the use of spectral bidirectionai
reflection functions. The spectral scattering phase
functions are calculated with a Mie computer program
(Quenzel and Miiller, 1978) which treats the particles
as homogeneous spheres.

The integration over wavelength is done according to
Koepke and Kriebel (1987), using spectral irradiances
of the sun from Neckel and Labs (1981}. The absorp-
tion of ozone is accounted for with absorption coef-
ficients from Duetsch (1970). The absorption of water
vapour, carbon dioxide and oxygen is handled by the
exponential series method (e.g. Bakan et al., 1978).
The values of the water vapour band absorption are
calculated as in Moskalenko (1969) with coefficients
from Koepke and Quenzel (1978) for the wavelengths
below lum and from Moskalenko (1969) for the
longer wavelengths. Aerosol single scattering albedo
at 0.55um is 0.89 and the corresponding fractional
absorption increases with wavelength.

Upward directed radiances at the top of the atmos-
phere are calculated and both, upward and downward
directed radiances at the bottom and at different
layers within the atmosphere. These radiances arc com-
puted for 25 zenith and 80 azimuth angles and a direct
integration over the hemisphere is performed to get
the irradiance E (positive downward) and the radiant
exitance M (positive upward).

The attenuated direct irradiance and the diffuse ir-
radiance are calculated independently for all con-
sidered layers at different heights z. The atmospheric
heating rates, represented by the temperature tenden-
cies 9T/0t, are calculated from the divergence of the
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flux density AF/Az with AF =E(z + Az) — M(z + Az)
—(E(z) -~ M(z))as

aT _ 1 AF

— = ——4C

ot pc, Az ¢ (0
assuming a plane-parallel atmosphere where ¢, is the
heat capacity of the air at constant pressure and p is
the air density. C symbolically describes the contribu-
tion of all non-radiative processes including dynamics
and all diabatic processes other than radiation and is
assumed to vanish in this context.

The spectral radiances arc calculated with an accuracy
of better than 1% as has been confirmed by compari-
son calculations (Lenoble, 1977). An even better
accuracy is achieved with the integration to obtain
the flux densities, since the integration is based on a
sufficient number of data points. Comparison between
values of the solar spectral irradiance measured in the
visible and near infrared and those calculated with the
coefficients used, show very good agreement (Cachorro
et al., 1985). Water vapour band absorptions agree
within 5% of the values derived from Yamamoto
(1966) and Leupolt (1978). Since the water vapour
absorption reduces the mean signal for the complete
solar spectral range in the order of less than 15%, the
remaining uncertainty is less than 1%. The coefficients
of the exponential series to describe the water vapour
absorption give the recovered band transmissions with
an accuracy of better than 1% as well. The combina-
tion of these independent errors in the error propaga-
tion law gives a computational accuracy of 2 % for the
flux densities integrated over the solar spectral range.
The systematic part of this error cancels in the dif-
ferences used for the heating rates.

Essential information on the radiative properties of the
atmosphere and the surface is contained in the spectral
averages of the atmospheric turbidity and the surface
albedo. Thus, these quantities are determined to allow
for comparison of the reference model results with
those from parameterized schemes. The surface albedo
A for the complete solar range is given as

A(80)=M(z=0,90)/E(z=0, d) (2)

which can also be written as a wavelength average of
the spectral albedos weighted with the spectral ir-
radiance. The values of the surface albedo, which is
used as an input parameter for the parameterized
models, depend on the spectral and angular distribu-
tion of the irradiation, even for fixed spectral bi-
directional reflection functions (e.g. Kriebel, 1979).
Thus, A is a function both of the properties of the
atmosphere and of the surface. The turbidity, ex-
pressed as the Linke turbidity factor T gives the

total optical thickness of the atmosphere 8, including
gas absorption and aerosol extinction, in multiples
of the optical thickness & of a pure Rayleigh at-
mosphere: T =8/6g. It is calculated assuming the
Lambert-Beer-law to be valid for the direct solar ir-
radiance at the ground, attenuated by all atmospheric
constituents, S and for Sp, which is the irradiance
at the ground attenuated by molecules only. With E,
the solar irradiance at the top of the atmosphere,
the Linke turbidity factor T, can be obtained from

TL = In(S/Eq)/In (Sg /Eo) (3)

with the property that T, depends slightly on the
solar elevation angle in spite of constant atmospheric
conditions, due to a saturation effect of the water
vapour ahsorption bands.

2b Reference Model for the Terrestrial Spectral
Range

In the terrestrial spectral range (A = 3um) the thermal-
ly emitted radiation cannot be negleeted in the equa-
tion of radiative transfer as was done in the solar
spectral range. On the other hand the azimuthal de-
pendence of the radiances can be neglected because
the source function is to a great extent determined
by Planck’s function. A solution for the equation of
radiative transfer optimized to this situation is the
Matrix-Operator-Theory. A rather detailed description
of the method and the computer program used is given
by Grafll (1978).

In the Matrix-Operator-Theory the vertically inhomo-
geneous atmosphere is divided into plane-parallel
homogeneous sublayers. Each sublayer is charac-
terized by its reflection, transmission and emission
properties. A stepwise combination of such sublayers
allows for radiative transfer calculations for any verti-
cally inhomogeneous atmosphere. Calculated spectral
radiance values are given at the surface and at the top
of the atmosphere as well as between all homogeneous
atmospheric sublayers. For the boundaries of each
sublayer, upward and downward directed radiances
are computed for five zenith angles # corresponding
to cosf =.1, .3, .5, .7, .9. This has been shown to be
sufficiently accurate for the hemispherical integration
of these radiances to flux densities (Grafl, 1978).
Vertical profiles of the spectral upward and down-
ward directed fluxes are calculated and herewith the
vertical profiles of the spectral net fluxes. After wave-
length integration over the terrestrial spectral range
the vertical profile of the heating rate is calculated
according to eq. (1).

The terrestrial spectral range, which is considered
from 100-2500cm™ (4—100um), is divided into
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intervals which are mostly 100ecm™ wide. In these

rather broad spectral bands, the transmission func-
tions of the absorbing gases water vapour H,0, carbon
dioxide CO; and ozone Oj; are evaluated with line
data from Rothman (1978) and with a statistical
band model after Goody (1964). The atmospheric
transmission functions are approximated by exponen-
tial sums. Besides band absorption the model also
accounts for a water vapour continuum absorption
inside the spectral window region from 800—1200¢m™!.
Values for the water vapour continuum coefficients
are taken from GraBll (1976). The accuracy of the flux
densities is mainly limited by the use of the band
model by Goody (1964). A computer code which is
equivalent to the one used here, participated in the
ICRCCM (Luther and Fouquart, 1984) and showed
agreement to line by line codes in the 1—-3 % range for
tropospherical flux densities. For small heating rates
the error can become larger, because the differences
of the flux densities used for heating rate calculations
are very small compared to the flux densities them-
selves.

3 Input Data

The parameter sets which define the considered earth-
atmosphere systems were chosen to match mesoscale
applications where topographic features like different
surface albedo and surface altitude or strong vertical
temperature gradients, e.g. ground inversion, are of
importance. Thus three horizontal surfaces are selected
as the lower boundary conditions. They are charac-
terized in the solar spectral range by measured spectral
reflection functions and in the terrestrial spectral range
by their typical emittances. The surface types are
pasture land with an anisotropic reflection function

(Kriebel, 1977, 1978) which shows a chlorophyll
dependent increase at 0.7 um and an emittance of 0.98
(Berényi, 1967; Blaxter, 1967); snow is used with an
isotropic reflection function with a spectral distribu-
tion given by Kondratyev (1969) and an emittance of
0.98 (Berényi, 1967; Griggs, 1968); bare soil is taken
with a reflection function obtained from Eaton and
Dirmhirn (1979) and modified by Kriebel and Koepke
(1987), with a spectral distribution given by Coulson
and Reynolds (1971) and an emittance of 0.90 (Biitt-
ner and Kern, 1965; Sutherland and Bartholic, 1977).
These surfaces are assumed to be at heights of 500 m
and 2000m above sea level. The temperature of the
surfaces is taken to be equal to the air temperature
of the US Standard Atmosphere in the same height
above sea level. Additionally, deviations of the surface
temperature from the air temperature of * 20K are
assumed. Finally a surface temperature inversion is
simulated where the surface is 15 K colder than the US
Standard Atmosphere at this height and the air tem-
perature increases logarithmically with height (as-
suming turbulent sensible heat exchange as main source
for the air temperature deviation) and reaches the
temperature of the US Standard Atmosphere in 200m
above the surface (Table 1). The reason for this is that
in the cloud-free case the radiant flux densities at the
surface and the heating rates near the surface are of
importance. Especially the diurnal variations of the
near surface terrestrial heating rates are mainly caused
by the large temperature differences between the sur-
face and the atmosphere.

The vertical temperature profile is taken from the US
Standard Atmosphere (McClatchey et al., 1972). Also
the vertical water vapour density profile is derived
from it with the assumption that the relative humidity
is constant with height with assumed relative humidi-

Table ¥ Temperature deviation (AT) from Standard Atmosphere and specitic humidity (q) for ground in-
version cases. Index (e.g. 500/30) stands for surface altitude (500 m) and for relative humidity (30 %) for
the higher levels above the inversion. Humidity values in the last line refer to relative humidity.

height above AT 4500/30 q500/70 42000/30 92000/70
ground surface
m K 1073 10-2 10-3 10-3
)] - 15.0 2.5 3.0 1.5 1.5
2 - 7.1 25 3.5 1.5 2.0
6 - 54 2.5 4.0 1.5 2.5
12 - 44 2.5 4.5 1.5 3.0
20 - 3.6 2.5 5.0 1.5 35
30 - 3.0 2.5 5.0 1.5 3.5
45 - 24 2.5 5.0 1.5 35
60 - 2.0 2.5 5.0 1.5 35
120 - 09 2.5 5.0 1.5 35
i dzggher 0. 30% 70% 30% 70%
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ties of 30% and 70%. Humidity in the inversion cases
is according to Table 1 with constant absolute humidi-
ty in the inversion layer for the 30% cases, but with
reduced absolute humidity near the ground in the
70% cases in order to account for non-saturated air.
A CO, content of 330ppmV is taken and ozone is
considered to be above the atmosphere with 0.3 atm-
cm. In the solar spectral range the aerosol amount
is varied with vertical profiles of the aerosol extinction
coefficient at 0.55um given by McClatchey et al.
(1971) and referred to as ‘MCHAZY and ‘MC CLEAR’
by Lenoble and Brogniez (1984). Slight modifications
of the profiles below 6km have been made to match
the ‘MC CLEAR’ profile with T (0.55)=2 and the
‘MC HAZY" profile with Ty (0.55) =5 at the level of
both surface aititudes, where T (0.55) is the spectral
Linke turbidity factor at 0.55um wavelength at the
surface. The aerosol type up to 12km is continental
background (Hinel and Bullrich, 1978) with the size
distribution and the refractive index not changed
with humidity. Above 12km, stratospheric back-
ground aerosol after Lenoble and Brogniez (1984)
is assumed. In the terrestrial spectral range, where
aerosol absorption is less important, the aerosol par-
ticles are simply modelled after McClatchey et al.
(1972) with 23km ground visibility. To account
for the daily course of the sun, in the solar spectral
range all calculations are performed at three solar
elevation angles of 12.5°, 32.5” and 57.5°.

4 Reference Results

4a Solar Spectral Range

Downward radiant flux densities at the bottom of the
atmosphere are presented in Table 2 for the parameter
combinations discussed in Chapter 3. The direct
solar radiation S increases with increasing elevation of
the sun and altitude of the surface and with decreasing
turbidity and water vapour content. The diffuse ra-
diation is given for different surface properties since
this quantity, whose behaviour is opposite to that of
the direct solar radiation, also depends on the albedo,
due to multiple scattering processes. The values for
the albedo of the three surface types also are shown,
because these spectrally and spatially integrated
quantities depend both on the variable spectral and
variable spatial distribution of the illuminating global
radiation, although the spectral bidirectional reflec-
tion functions are fixed for each of the investigated
surface types. Additionally, the Linke turbidity factor
Ty is presented in Table 2. It shall be reminded that
T, includes the combined effect on the atmospheric
transmission of both aerosol particles and water
vapour, in contrast to the spectral Linke turbidity
factor Ty (M) which is defined as a measure of aerosol
only and, hence, remains constant even if water vapour
amount or solar elevation are changed. T increases
with aerosol and water vapour amount. The decrease

Table 2 Solar downward radiant flux densities at the surface in Wm~2, divided into the direct (8) and into the diffuse (D)) part,
albedo {(A), total water vapour content (u) in g cm=2, and Linke turbidity factor (T ) from the reference model. Index 1 = pasture

land, 2 = barc soil, 3 = snow.

elevation of the sun 12.5° 32.5° 57.5°

spectral turbidity

at 0.55 um 2 3 3 2 3

;ﬁl‘g“"e humidity 30 70 |30 l 70 30 70 30 | 70 30 70 30 70

(7]

S 133 125 68 63 475 456 339 324|831 805 661 638
D; | 54 53 78 76 85 84 156 154 |101 100 206 204
D, | 55 54 19 77 89 88 165 162 |106 105 219 216

titude of the D3 | 62 63 B8 86 121 120 201 198|162 161 288 285

ey ‘"‘_0500" ) 025 024 025 024 021 021 022 021, 020 019 020 020

Surtace =00mM 4, 035 034 035 034| 032 031 0.32  0.32] 027 026  0.27 0.27
A3 074 0.75 072 0.73| 0.75 0.75 0.74 0.75| 0.75 0.76 0.74 0.75
TL 27 30 51 5.4 29 3.2 54 57| 32 3.5 5.7 6.0
u 070 163 070 163| 070 163 070 1.63| 0.70 163 0.70 1.63
3 149 141 83 78 504 489 379 366 868 848 715 697
D; | 50 49 77 75 76 76 149 147 89 88 193 191
D, | 51 S0 78 76 80 79 154 152 94 93 199 197

- Dy | 59 59 86 85 108 108 188 186 |144 143 264 261

altifude ofthe ,* | “02s 024 025 024| 021 021 022 021 020 020 020 020

2000 m As 035 034 036 035| 032 031 032 0.32] 0.27 0.26 0.27 0.27
A; 0.73 074 072 0.73] 075 075 0.74 0.74| 0.75 0.75  0.74 0.75
T 27 29 50 53 29 32 54 571 32 3.5 5.7 6.0
u 0.35 0.81 0.35 0.81| 0.35 0.1 035 081, 0.35 0.81 0.35 0.81
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of Ty with decreasing solar elevation in spite of un-
changed atmospheric parameters is due to an in-
creasing saturation of water vapour absorption bands
with the effect that the relative influence of the pure
Rayleigh atmosphere increases more rapidly than that
of the atmosphere with all absorbers included.

Examples for heating rates as a function of the alti-
tude above ground for three different solar elevations
12.5° 32.5° and 57.5° are shown in Figure 1. The
three different surfaces considered are bare soil,
pasture land and snow as described in Chapter 3. They
are assumed to be in 500m above sea level. Two
different states of the atmosphere are shown: dry
atmosphere with low turbidity (f=30%, Ty (0.55)
=2) and wet atmosphere with high turbidity (f = 70%,
T1(0.55) =5). The flux densities have been computed
at Om, 20m, 60m, 300m, 600m, 2000m above

ground level. Herefrom the heating rates have been
calculated for each layer and a smoothed curve has
been plotted through the centres of the layers.

The results for the surfaces in 2000 m above sea level
are rather similar. The heating rates increase with the
amount of available energy, i.e. solar elevation, and
with the amount of absorbing material, i.e. turbidity
and water vapour. The heating rates for the opposite
combinations of turbidity and water vapour (f = 30%,
TL(0.55)=5; f=70%, T (0.55)=2) are not shown
because they lie in between the results given in Figure
1. The effect of water vapour is not as strong as that
of the absorbing aerosol particles. The reason is that
the water vapour absorbs within its bands only, while
aerosol absorption takes place everywhere in the solar
spectral range. Moreover, the water vapour absorption
is easily saturated in parts of the bands which reduces

~

1500 Figure 1
1500 Solar heating rate profiles over pasture land (broken
| 1 line), bare soil (solid line), and snow (dotted line).
7 Ground is at 500 m above sea level. Solar elevation
- ’ angle is 12.5° (a), 32.5° (b), 57.5° (e). Atmospheric
2 - . conditions are relative humidity £ = 30 %, spectral
310004 10004 Linke turbidity factor at 0.55 um Ty, (0.55) = 2 (left
= | | triple); f = 70 %, T, (0.55) = 5 (right triple).
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their contribution to the heating rates especially at
low solar elevation angles. An increase of the albedo
increases the heating rates by generating additional
multiple scattering processes in the atmosphere. Again
this effect increases with turbidity, water vapour and
solar elevation.

4b Terrestrial Spectral Range

Reference model surface fluxes, i.e. values of the
downward directed flux densities and of the net flux
densities at the surface are presented in Tables 3a and
3b. The downward directed flux densities at the sur-
face vary with relative humidity and with surface
altitude. The flux density values decrease by about
20% from 500m to 2000m altitude. Since absolute
humidity depends on temperature, the atmospheric
temperature profile above the high-altitude surface
(in 2000 m) resuits in a lower water vapour content
accompanied by reduced atmospheric emission tem-
peratures which explains that downward fluxes are
lower there.

Table 3a Terrestrial downward radiant flux densities in Wm—2
at the surface from the reference model.

Standard ground
Atmosphere inversion
altitude of
th 1
, © UM 500 m  2000m | 500m  2000m
relative
humidity *
3I0% 244 196 234 189
70% 268 213 256 204

* For the exact near surface humidity profile in the ground
inversion case see Table 1.

Comparing the downward flux densities for 30%
and 70% relative humidity, Table 3a shows an in-
crease of about 10% at 500m versus an increase of
8% at 2000m altitude. This small discrepancy is
due to the fact that the variability of the water vapour
content caused by variations of the relative humidity
depends on the different atmospheric temperatures
above both surfaces. In the case of the ground in-
version, only emission temperatures within layers
close to the surface are modified, whereas the absolute
humidity remains nearly constant. Thus the down-
ward directed flux density decreases only by about
4% as compared with the results of the unmodified
temperature profile,

Table 3b presents model results of the terrestrial
surface net flux density which is the sum of upward
(negative sign) and downward directed flux density.
According to the Stefan-Boltzmann-law F =eoT?
the upward flux density is lincarly related to the sur-
face emittance € and reacts very sensitively to the
surface temperature T,. In the case of a ground in-
version the absolute value of the net flux is strongly
reduced due to the low surface temperature. Varia-
tions of the relative humidity influence the down-
ward directed component (Table 3a). However, the
reduction of the absolute net fluxes is not identical
to the increase of the downward flux because the
surface partly reflects the downward radiation. Sur-
face net fluxes with the ground at 500m and 2000 m,
respectively, differ only little from each other. De-
creasing surface emission tends to compensate the
influence of reduced low level atmospheric humidity
and temperature on the downward flux.

The vertical divergence of the net flux controls the
heating or cooling rate. Thus an increase of the absolute
value of the net flux (positive downward) with in-
creasing height leads to a cooling of the atmospheric
layers whereas a decrease heats the layers. Greatest
flux divergences are computed for the cases with

Table 3b Terresirial net flux densities at the surfuce in Wm~2 from the reference model.

Standard Atmosphere,
no surface temperaturc deviation

ground inversion

emissivity 0.90

0.98 098
aftitude of
the surface
500 m 2000 m 500m 2000m 500 m 2000m
relative
humidity
30% -114 -114 - 124 —-124 - 64 -~ 68
70 % - 92 - 99 -~ 100 - 108 —42 -53
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Figure 2 Terrestrial heating rates for the unmodified tempera-
ture profile with surface emissivity e = 0.98. Relative humidity
is 30% (solid line) and 70% (broken line). Ground is at 500 m
above sea level (left part), 2000 m above sea level (right part).

ground inversion and with surface temperature modifi-
cations. Looking firstly at the unmodified temperature
profile in Figure 2, we note a cooling of each atmos-
pheric layer due to an increasing net flux (absolute
value) with height. The cooling rate itself, which is
in the range of 1 to 3K, decreases with altitude and
would produce a ground inversion with time. A rather
strong ground inversion, as constructed with regard
to our model comparison {according to Table 1),
is shown in Figure 3a. This temperature profile pro-
duces a heating within the first layer above the ground
as shown in Figure 3b. The other layers above cool due
to an enhanced net energy flux directed downwards to
the colder surface layers caused by the increasing
temperature gradient. This demonstrates that radiation
flux divergence tends to smooth the sharp temperature
gradient in our inversion case example. Figure 4 shows
heating rate profiles resulting from surface temperature
modifications of £ 20K. An overheated surface pro-
duces a strong decrease of the net flux (absolute value)
with height in the lower atmosphere accompanied with
enhanced heating rates in the range of 70 to 120K/d
in the surface layer below 20m. A colder surface
(= 20K), on the other side, results in a strong increase
of the net flux above the surface. Consequently cooling
rates of 60 to 100K/d are computed for the layers
close to the ground. Since the standard background
terrestrial heating rate is about — 1.5K/d, the profiles
for the two cases are unsymmetrical to the zero-axis
especially above 100 m.

Concerning vertical resolution close to the ground
maximum resolution is 2m in the inversion cases and

2004
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Figure Ja Temperature inversion for both ground surfacc
altitudes.
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Figure 3b Terrestrial heating rates for the ground inversion
case with surface emissivity e = 0.98. Relative humidity above
the inversion is 30 % (solid line) and 70% (broken line). Near
surface humidity profiles are given in Table 1. Ground is at
500 m above sea level (left part), 2000m above sea level
(right part).

20m for the other cases. (Effective resolution is still
higher, due to internal generation of several sublayers
assuming linearly varying atmospheric profiles.)

5 Original Mesoscale Radiation
Parameterization Scheme

In a first step of model comparison, results from the
original version of the Mahrer and Pielke (1977) meso-
scale model radiation scheme had been compared
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Figure 4

Terrestrial heating rates for surface
temperature modifications (+ 20 K in the
right part, — 20K in the left part)
with surface emissivity e = 0.98, relative
humidity f = 70 %, and ground at 500 m
ahove sea level.
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with the reference model results. Mainly due to non-
consideration of different albedo values and aerosol
concentration in the original parameterization, devia-
tions in the total solar downward flux densities were
about 20% or 100 Wm™2. Solar heating rates differed
up to 100%. Terrestrial downward flux values were
generally too high by about 10% or 30 Wm™?, because
of an incorrect upper boundary condition at the model
top. Relative errors in the terrestrial net flux densities
therefore became more than 100% in the cases with
colder surface and inversion. Resulting differences in
terrestrial heating rates amounted to 50%, in some
cases much more, especially in the inversion case close
to the ground.

After analyzing these large deviations, the parameter-
ized scheme was modified, as described in the next
chapter, and applied again. Only the results of this
second approach will be discussed and compared to
the reference model results.

6 Improvement of Mesoscale Model Radiation
Schemes

Three parameterized radiation models are considered:
an improved version of the Mahrer and Pielke (1977)
model, a modified version of the Somieski (1978)
model and the Angstrém-formula (Linke, 1970). The
improvements consist of introducing additional trans-
missivities and functions to describe radiation physics
not yet considered. These additional functions are
taken from the literature cited or are designed to
match the characteristic dependences shown by the
reference model results. A final correction to reduce
systematic differences is included. The main aspects
of the improved model versions for clear-sky condi-
tions, especially concerning the modifications with

respéct to the original models, are summarized in the
following. A detailed description of the models in-
cluding effects of slant surfaces and cloudiness, is
given in Somieski (1987).

The radiation part of the Mahrer and Pielke (1977)
mesoscale model is applied in a modified version
(hereafter referred to as MMP-model):

In the solar spectral range the transmission functions
and modification factors are connected by multipli-
cation instead of addition. They account for the total
(direct and diffuse) downward flux density E at the
surface by further multiplication with u, the sine of
sun elevation, and the extraterrestrial solar flux densi-
ty Eo

E=EouTg TwTp Tk fa. (4)

The transmission functions are Ty (Rayleigh scattering
and absorption by permanent gases), Ty (absorption
by water vapour), Tp (absorption by aerosol), Ty
(systematic correction and attenuation due to aerosol
scattering) and f, (factor to account for different
albedo values)

Ty = 0.485 +0.515(1.041 —

—0.16 ((0.000949 p + 0.051)/u)"'?) )
Tw = 1 —0.093 (u/u)*>? (6)
top
Tp =exp (— QL—M 7(0.55) dz) (7)
surface
Tx =097Tp (8)
fa =1+0.1(A~0.2) 9)

with pressure p in hPa, total water vapour content u in
g/cm?, albedo A, aerosol extinction coefficient 7(0.55)
at 0.55 um. The transmission function Tf is according
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to Atwater and Brown (1974). The function Ty used
here is modified with respect to the original model
according to Houghton in McDonald (1960) and the
functions Tp, Tk, fo have been additionally intro-
duced. Tp and Ty are essentially according to Atwater
and Brown (1974). The factor 0.114 is derived from
the reference model calculations concerning wave-
length inteprated aerosol extinction coefficients and
the factor 0.97 contains the final correction to reduce
systematic differences between MMP-model and
reference model results. The splitting of aerosol ex-
tinction into Ty, and Tk is in order to compute the
solar heating rates analytically. They are computed
from the divergence of the downward flux due to
absorption only, neglecting the absorbing part of Tg.
A correcting factor f;

p
f,r~1+ApG (10)

accounts for the effect of the upward flux due to
surface reflection. For the solar heating rate oT/at,
which here is the temperature tendency only due
to solar radiation absorption, we then obtain

a_T = _1" E() frTE TK fATD
ot  PCp
u -0.63 du (11)
X (0.114 Tw 7(0.55)—0.0344<E) 5'2“)

with the values of u and Au (instead of du) in g/em?.

The terrestrial part of the original scheme is applied
with the modifications described in the following.
A linear factor for pressure correction is additionally
introduced into the calculation of total water vapour
content and CO, content. In the CO; calculation the
factor 0.415 is corrected to 0.26. The emissivities
of water vapour and CQ; are increased by a factor
of 1.03 to achieve better agreement with the reference
model. The emissivity at the model top (20km) is
changed to 0.15 in order to take into consideration a
standard atmosphere situation above model top.
Furthermore any value can now be assigned to the
ground emissivity. In the calculation of the terrestrial
heating rates, the approximation of Sasamori (1972)
is applied and the surface reflection of the downward
flux is taken into account.

In addition to the MMP-mode! two other simple
models are used to calculate the downward flux densi-
ties at the surface:

For the downward terrestrial radiation flux density F
we apply the Angstrom-formula (Linke, 1970) (here-
after Angstrom-model)

F = 6T (0.79 — 0.174 exp (- 0.095¢;)) (12)

as an example of an extremely simple parameteriza-
tion, with ¢ Stefan-Boltzmann constant, e, water
vapour pressure in hPa and T, air temperature, both
in 2 m above the ground surface.

For the direct (8) and diffuse (D) solar radiation we
use an improved version of the formulas originally
given by Somieski (1978) (hereafter Somieski-model):

E =S+D (13)
S =1Iu (14)
) 0.07T, -0.115 p
D =1ufy o P (15)
with
fa=1+0.5(A—0.2) (16)
Ty P
1\ = E, exp (——u-a p_o) (17)
4 = 0.040 +0.065 exp (— 0.18/u) (18)

where T is the Linke turbidity factor and pp =1013.25
hPa. A value for the extraterrestrial solar radiation
flux density Eq of 1360 Wm™ is used here as well as
in the MMP-model.

7 Comparison of the Results Obtained from
the Reference Models and the Improved
Radiation Parameterization Schemes

7a Surface Fluxes

The results concerning the comparison of surface flux
densities are summarized in Table 4. They show the
maximum deviations between the results obtained
from the reference models and the parameterized
models. Maximum deviations for the total downward
flux densities are given in percent to show the relative
accuracy of the radiation schemes. Absolute values for
the net flux densities are given to assess the maximum

Table 4 Resuits of model comparison concerning downward
and net fluxes at the surface: maximum deviation between
parameterized model and reference model,

MMP-modct Somieski-model
solar total downward | 3% (snow: §%) 6%
solar net 12 Wm~—2 15 Wm-2*
MMP-model Angstrém-model
terrestrial downward 4% 7%
terrestrial net 8Wm-2 14Wm~2

* Deviation up to 24 Wm™2 but with relative deviation less than
5% for 4 cases out of a tota] of 72.
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error of the effective, i.e. the absorbed energy at the
surface. In the solar spectral range relative differences
are the same for total downward and net flux densities.
In the terrestrial spectral range this is valid for the
absolute differences.

Comparing the solar fluxes at the surface, the devia-
tions between reference model and MMP-model are less
than 3% (less than 5% for snow surface) for the
total downward flux densities. The solar net fluxes
coincide within 12Wm™ or 5%. Compared with a 2%
accuracy of the reference model itself, these dif-
ferences are only slightly larger. The largest differences
occur for the combination of the high albedo and the
high turbidity cases, due to the inaccurate description
of multiple scattering processes in the MMP-model.

200

0 200 400 600 W/m?2

reference model

4001

SOMIESKI-model

200

_.J}r

00 200 400

reference model

6060 W/m2

Figure § Solar net tlux densities at the surface. Comparison
of all 72 cases. MMP-model versus reference model (a), So-
mieski-model versus reference model (b).

Comparison of the net flux densities for all 72 cases
is presented in Figure 5 for the MMP-model as well as
for the Somieski-model. The deviations between the
reference model and the Somieski-model are up to
6% for the total downward solar flux densities. These
somewhat larger differences are due to a too simple
calculation of diffuse radiation in the high albedo
cases. These effects are apparent in Figure 6 which is
presented as an example. Total downward solar radia-
tion (i.e. global irradiance) and diffuse radiation are
compared for the pasture land and snow surfaces in
the 32.5° sun elevation case with the altitude of the
ground surface at 2000m. Those reference model
cases, which differ only in relative humidity, are con-
nected by lines to guide the eye. Results of the MMP-
model are given in Figure 6 as well.

Figure 7 shows the comparison for all terrestrial
downward surface flux densities with both the MMP-
model and the Angstrom-model for relative humidities
of 30% and 70% in each case, connected by lines to
guide the eye again. The deviations between reference
model and MMP-model are less than 4 % for the down-
ward fluxes. The absolute differences are less than
7Wm™? for the downward as well as for the net fluxes
which are not shown in a figure. The largest deviations
are in the 2000 m ground inversion case. The deviations
of the Angstrom-model are only slightly larger, i.e.
up to 7% for the downward terrestrial fluxes. Best
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Figure 6 Solar downward flux densities at the surface for
pasture land and snow surfaces. Altitude of the ground is
2000 m above sea lcvel and sun elevation is 32.5°. The dif-
ferent cases are characterized by the spectral Linke turbidity
factor at 0.55um [ relative humidity of the atmosphere (e.g.
2/30). Full dots stand for the reference model, squares for the
Somieski-model, crosses for the MMP-modcl (only global
irradiance).
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3007
A
n iy
250 %
200, / %
150
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Atmosphere inversion

Figure 7 Terrcstrial downward flux densities F at the surface
for different atmospheres and altitudes of the ground. Full
dots stand for the reference model, squares for the Angstrom-
model, crosses for the MMP-model. Different relative humidity
cases are connected by lines (symbol at the left end of the line
corresponding to 30 % relative humidity, right end to 70 %).
Ground inversion humidity profile is as in Table 1.

agreement is for the 500m Standard Atmosphere
case (Figure 7). The differences become larger for de-
viations of temperature from this “standard™ case, or
when there is an increase of absolute humidity with
height as in the ground inversion cases with 70%
relative humidity in the upper layers.

7b Heating Rates

The results concerning the comparison of heating rates
are summarized in Table 5. The maximum deviations

between the models in the different atmospheric
layers are presented and in addition characteristic
absolute values of heating rates are given to assess their
relative importance.

In the solar spectral range the deviations of the heating
rates between reference model and MMP-model are
generally less than 20% or 1.5K/d. For the case of
high sun elevation angles together with high turbidity
values the deviations are less than 30%. These some-
what larger differences can be seen, especially for the
near surface values, in Figure 8 showing the com-
parison of the heating rates in the high turbidity case
(TL(0.55)=5) with 70% relative humidity, pasture
land surface and the altitude of the ground in 500m.
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solar heating rate in K/d

Figure 8 Solar heating rates for different sun elevation angles,
pasture land, ground 500 m above sea level, retative humidity
70%, and high turbidity (spectral Linkc turbidity factor at
0.55um is 5.0). Solid lines are for the reference model, crosses
for the MMP-model.

Table 5 Results of model comparison concerning heating rates: maximum deviation between parameter-

ized model {(MMP-model) and refercnce models.

spectral layers deviation is characteristic absolute values
range above ground less than of heating rates are
solar all layers 30% orl.5K/d 5 K/d**
0— 20m 30%* orl.1K/d* 50 K/
20— 60m 20% orl.2K/fd 15 K/
terrestrial 60-200m 20% or1.5K/d 5 K/d
200-600m 1.1K/d 3 K/
>600m 0.6K/d L.5K/d

** Maximum values occur in the near surface layers

x

In the layer 0—10m much larger deviations are possible, if surface emissivity is 0.90 or in the ground

inversion case.
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For low sun elevation angles heating rates of the
MMP-modei are generally too large, for high sun
elevation angles heating rates are generally too low.
This is because the MMP-model only computes the
total downward solar flux density and does not dis-
tinguish between direct and diffuse radiation. As a
consequence, daily averages of the heating rate will
have smaller differences due to compensation.

In the terrestrial spectral range the deviations are
generally less than 20% or 1.5K/d. For exact values
of different atmospheric layers see Table 5. In the
lowest layer (0—20m) deviations are less than 30%.
However, even larger deviations may occur in this
layer in two cases: in the case with surface emissivity
of 0.90 together with no surface temperature devia-
tions (absolute values of heating rates are relatively
low), and, more important, in the ground inversion
cases. Calculations with high vertical resolution show
that these deviations are largest very close to the
ground and are significant only in the layer from 0
to 10m. This effect is clearly shown in Figure 9
(left part) for one inversion case as an example. Sasa-
mori's (1972) approximation of an isothermal at-
mosphere, with respect to the layer where the heating
rate is calculated, causes large errors for extremely
strong vertical temperature gradients as may occur
close to the ground for inversion cases. In the layers
above with less extreme temperature gradients and
in the case of Standard Atmosphere with only surface
temperature deviations (Figure 9, right part) the
heating rates of the MMP-model agree well with those
of the reference model.

200m
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inversion case \ _:‘ surface temperature E
modification +20K o
2
<
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3
60m
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-50 ) +50 +100

terrostrial heating rate in K/d

Figure 9 Terrestrial heating rates for relative humidity 30%,
surface emissivity 0.98, ground 500 m above sca level. Solid
lines and dots are for the reference model, crosses for the
MMP-model.

8 Summary and Discussion with Respect to
Mesoscale Applications

Many mesoscale model simulations require radiation
parameterizations. Clear sky radiation surface fluxes
and atmospheric heating rates, subdivided in the
solar and the terrestrial part of the spectrum, are
presented here for a range of well-defined atmospheric
and surface properties including different albedo and
turbidity values, ground inversion and surface tempera-
ture deviation cases. These different input parameter
sets had been chosen according to midlatitude meso-
scale application in elevated terrain. Sophisticated
radiation models have been applied to obtain ‘“‘re-
ference™ results. These results may be used by other
modellers for comparison and model improvement.

Reference model results have been used here as a
guide-line to improve simple parameterized radiation
models. Comparing the results of the improved para-
meterized models with those of the reference models,
we obtain very good agreement concerning surface
fluxes with deviations generally less than 5% for the
total downward flux densities and less than 10 Wm ™
for the net flux densities. Comparing atmospheric
heating rates, deviations are generally less than 20%
or less than 1.5K/d. In the case of the ground in-
version larger deviations occur in tbe layer 0—10m
concerning terrestrial heating rates when applying
Sasamori’s (1972) approximation of an isothermal
atmosphere with respect to the layer of calculation.

In clear sky situations thermally sensitive mesoscale
phenomena are primarily influenced by the sensibie
heat flux driven by surface net radiation. Mesoscale
temperature tendencies due to radiation flux diver-
gence are most important in the terrestrial range
close to the ground. They have characteristic values
of about 20K/d in the lowest 100m when there are
pronounced temperature differences between ground
surface and atmosphere. Inaccuracies concerning
heating rates of about 2K/d can be expected then to
be of little importance of mesoscale circulations.
It has been demonstrated here that simple, highly
parameterized radiation models are able to compute
surface radiation fluxes very accurately and terrestrial
heating rates even with at least 20% accuracy. So
these radiation models may be applied successfully
for the simulation of many mesoscale phenomena
influenced by radiation processes as mountain-valley
winds, land-sea breeze, heat island, thermal influence
on flow over and around mountains and through
valleys.

However, one must bear in mind that the application
of Sasamori’s (1972) approximation may cause large
errors, if terrestrial heating rates are required in the
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lowest 10m of the atmosphere, where large vertical
temperature gradients may occur. For weak-wind,
stably stratified ground inversion cases this approxi-
mation should be abandoned, if a detailed knowledge
of the vertical profile of the atmospheric variables is
required in the layer between surface and about 10m
height. When using parameterized models as those
presented here in special cases, attention should be
given to other, less significant inaccuracies. E.g., the
surface net radiation is small, but still important,
due to continuous low sun elevation in the artic
regions (elevation angles less than 12.5° have not been
discussed here), accurate solar heating rates are of
importance for high turbidity values in industrial
regions together with low sun elevation or high albedo
values, or solar diffuse radiation is a matter for separate
consideration {deviations are up to 24 % in the Somies-
ki-model, if only diffuse radiation fluxes are compared
and the case of high albedo or small sun elevation
angles is considered). Furthermore, radiation in tropi-
cal or arctic atmospheres and, more importantly,
cloud effects parameterized in simple radiation schemes
have not been discussed here, but this matter is cur-
rently being investigated.

In summary, even very simple parameterized radiation
models yield rather accurate results, when results from
reference radiation models for a number of atmospher-
ic and surface parameter combinations are used for the
improvement of the parameterized models. Therefore
simple radiation schemes may be applied successfully
for the simulation of many thermally influenced meso-
scale processes. More complicated radiation models
with high conceptional and computational expense
appear to be necessary only for some special investi-
gations.
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