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Abstract

It is essential to be able to identify which element of a numerical weather prediction
(NWP) model or climate model causes biases in the model output compared with
observations. With respect to shortwave (SW) radiation fluxes many elements affect
the final results. Here we present a focussed study of the SW radiation schemes in
the HARMONIE NWP model. Detailed calculations have been made with the DISORT
model run in the libRadtran framework. These are used as a benchmark against which
the NWP radiation calculations can be tested. Both models are given the same atmo-
spheric properties as input. Several configurations of the IFS radiation scheme and the
hiradia radiation schemes have been tested. The usefulness of the benchmarking tests
is demonstrated and concrete strength and weaknesses of the radiation schemes are
elucidated. The benchmark data may be used for testing radiation schemes in other
NWP or climate models.

1 Introduction

One of the main problems in comparing numerical weather prediction (NWP) models
to observations, is that there is generally a long chain of elements in the models that
leads to the given results. This is also true for modelled solar radiation fluxes. Correctly
modelling these depends firstly on correctly describing the state of the atmosphere
and the surface. In particular cloud liquid water and cloud ice concentrations are im-
portant, but cloud droplet number concentration, cloud ice particle concentration, cloud
ice particle shape and size distributions, water vapour, aerosols, ozone, surface re-
flectance, Sun-Earth distance, air pressure, altitude and position of Sun relative to the
given topography can also significantly affect the net and downward global radiation
(Sagan and Pollack, 1967; Hansen and Travis, 1974; Pierluissi and Peng, 1985; Shet-
tle, 1989; Hu and Stamnes, 1993; Fu, 1996; Hess et al., 1998; Thomas and Stamnes,
2002; Reddy et al., 2005; Forster et al., 2007; Myhre et al., 2007; Senkova et al., 2007;
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Kahnert et al., 2008; LEcuyer et al., 2008; Manners et al., 2012). Secondly, when the
atmospheric state is known, the optical properties of particles and gases in the atmo-
sphere need to be correctly calculated. Thirdly, a sufficiently accurate radiative transfer
scheme is needed to estimate the solar radiation fluxes.

Here we focus on the second and third steps described above, by testing vari-
ous radiation parametrizations, available in the HIRLAM Aladin Regional Mesoscale
Operational NWP In Europe (HARMONIE) NWP model, against the accurate one-
dimensional radiative transfer model, DISORT (Stamnes et al., 1988, 2000) in pre-
scribed atmospheric conditions. DISORT is run within the framework of the libRadtran
library (Mayer and Kylling, 2005).1 The aim of our study is to understand the differences
between the available radiation parametrizations in terms of the solar (shortwave, SW)
radiation fluxes compared to an accurate reference. The results of such a comparison
will indicate where the NWP SW radiation parametrizations need improvement.

Oreopoulos et al. (2012) have recently compared a large set of SW and longwave
radiation schemes that are currently used in atmospheric models. In their test, realistic
atmospheric profiles from the Atmospheric Radiation Measurement programme were
used. Here we use idealised cases which are not necessarily realistic. The advantage
of using idealised cases is that the full range of sensitivity can be tested for each of
the relevant variables individually. Fixed atmospheric states and surface properties are
used both in HARMONIE and in DISORT.

The HARMONIE NWP system combines elements from the global IFS/Arpege model
(Déqué et al., 1994) with the ALADIN nonhydrostatic dynamics (Bénard et al., 2010)
and physical parametrizations of AROME (Seity et al., 2011) and HIRLAM (Undén
et al., 2002). In the current version (37h1), the default SW radiation scheme is based
on the IFS radiation transfer code (IFS cycle 25R1, European Centre for Medium-
Range Weather Forecast implementation in 2002), see ECMWF (2012) and Mascart
and Bougeault (2011). This is a comprehensive, but also computationally demand-
ing, scheme with several spectral bands both in the solar and terrestrial radiation

'www.libradtran .org
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ranges. In the following, we refer to this as the IFS radiation scheme. Here we test
this scheme and also the alternative HIRLAM radiation scheme, further denoted as
hiradia, which is based on Savijarvi (1990). Hiradia is an alternative simple and fast
radiation parametrization. In hiradia, the cloud transmittance and cloud absorptance is
calculated with the parametrization of Wyser et al. (1999).

In practice, a simple radiation scheme applied at each time-step (currently 1 minute)
of the model integration requires as much computation time as a complicated scheme
called a few times in a hour. The accuracy requirements for radiation parametrizations
in long-term climate simulations on relatively coarse spatial and temporal scales dif-
fer from those of the kilometre-scale short-term NWP models run in continuous data
assimilation forecast cycles. For example, the importance of quickly changing cloud-
radiation interactions may be greater in the latter while the former requires maximum
accuracy in handling the details of gaseous transmission. It is thus of interest to under-
stand and compare the accuracy of the simple and complex schemes against a good
reference. Such a reference for testing the HARMONIE SW radiation parametrizations
was obtained by applying the DISORT model. The benchmark computations done by
the detailed radiative transfer model also provide valuable information about the sensi-
tivity of SW radiation fluxes to a wide range of various atmospheric properties.

2 Methods

Different SW radiation schemes currently available in the HARMONIE framework were
compared with DISORT results for 12 experiments. The experiments can be split into
three groups: clear sky experiments 1-4, liquid cloud experiments 5-8, and ice cloud
experiments 9—12. In each of the experiments the sensitivity to a different variable was
studied as outlined in Table 1.

The DISORT algorithm was run in the spectral range 280 nm to 3001 nm with 1 nm
resolution and an angular discretisation of 30 streams. The Kurucz (1992) solar spec-
trum averaged to 1 nm resolution by Bernhard Mayer was used as input.
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The HARMONIE default IFS radiation scheme has six SW spectral bands: 3 bands
in the ultraviolet and visible spectral ranges and 3 bands in the solar infrared spec-
tral range. Specifically, these six spectral bands are defined by the wavelengths:
0.185-0.25-0.44-0.69—-1.19-2.38—4.00 um (Mascart and Bougeault, 2011). The radia-
tive transfer calculations are done using the delta-Eddington approximation (Joseph
et al.,, 1976; Fouquart and Bonnel, 1980). In HARMONIE version 37h1, the default
cloud liquid optical properties for the IFS scheme are calculated with the Fouquart
(1987) parametrization. It is also possible to use the Slingo (1989) parametrization. The
cloud ice optical properties are calculated with the Ebert and Curry (1992) parametriza-
tion. Alternatively, the Fu (1996) parametrization can be used. Here we test each of
these four cloud optical property options.

Additionally, we propose a new cloud liquid optical property scheme (hereafter, re-
ferred to as the Nielsen scheme) based on the Mie solution to Maxwell’s equations (Mie,
1908; Wiscombe, 1980) for each of the 6 SW spectral bands used in the HARMONIE
IFS scheme. The new parametrization is described in Egs. (3)—(5) and in Table 2. In
the IFS radiative transfer calculations the key input variable is the scaled optical depth
7;, which is a product of the optical depth 7; and the delta-Eddington scaling factor

(1- @,-g,z) (Joseph et al., 1976):

T =(1-@,0)7 (1)
7; = B;C, (2)
where, according to the suggested new scheme,

B; = 3/f;b|i/q ()
®; =C;—d;lg g (4)
9 =6+ 1ire iqg—hiexp(=Jire, iiq) (5)

Here, / denotes the wavelength band index, @; is the single scattering albedo, g; is the
asymmetry factor, B, is the mass extinction coefficient in ng'1 and C is the mass load
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in gm‘z, Ie, iiq IS the cloud droplet effective radius, and a;, b;, ¢;, d;, €;, f;, h; and j; are
coefficients as detailed in Table 2.

As can be seen in Eq. (2), the asymmetry factor g; is important for the scaling fac-
tor. For this reason we have made a more comprehensive empirical formula for g; in
Eq. (5) than those used in the Fouquart (1987) parametrization and in the Slingo (1989)
parametrization, where g; is given as constants in the former and as linear functions of
re in the latter.

Notice that the parametrization for wavelength band 1 (0.185-0.25 um) is irrelevant,
as virtually no SW irradiance at these wavelengths reaches the levels of the lower
atmosphere, where clouds occur. This is why it is omitted in Table 2.

A slightly modified version of hiradia was also available for our tests in the HAR-
MONIE framework. In hlradia one SW spectral band is considered and both the clear
sky and cloudy sky transmittances and absorptances are parametrized in order to make
the scheme very fast (Savijarvi, 1990; Wyser et al., 1999). In hiradia the impact of
ozone, oxygen and carbon dioxide, as well as aerosols, on SW irradiance is assumed
to be constant over time and space.

MUSC, the single column version of HARMONIE, based on Malardel et al. (2006),
was used as a framework to provide the radiation schemes with the atmospheric and
surface input data. A vertical resolution of 41 full model levels (in hybrid coordinates)
between the surface and an elevation of 52km was used (Undén, 2010). The same
model levels were used in the DISORT calculations. Only output from the first time-
step of MUSC was used in order to exclude the influence of an evolving atmospheric
state on the results.

The reference (initial) definitions for the HARMONIE and DISORT experiments are:

— Day of year =79, i.e. 20 March or vernal equinox
— Altitude =0.0km a.s.l.

— Solar zenith angle = 56°
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— Surface albedo =0.18
— Clear sky

- “Mid-latitude summer” atmospheric profile from Anderson et al. (1986), including
geopotential heights, temperature, air densities, mixing ratios of water vapour,
ozone, oxygen and carbon dioxide from the surface to the top of the atmosphere
assumed to be at 120 km.

— Integrated water vapour load = 29.63 kg m~2 (Anderson et al., 1986).

Water vapour input data were interpolated to the model levels, keeping the verti-
cal distribution unchanged when modifying the vertically integrated load in the experi-
ments.

In order to make the sensitivity experiments as simple as possible, all clouds were
assumed to be homogeneous and to be situated between 1km and 2km above the
surface and to have prescribed properties. Such clouds may be completely unrealistic
and in contradiction to the assumed water vapour distribution. However, our aim here
is not to make realistic experiments, but rather to make a focussed test of the radiative
transfer parametrizations in HARMONIE. Using idealised clouds also enables us to
test a wider variety of cloud types than if we, for instance, had used cloud data from
measurement campaigns.

Aerosols are described differently in each of the three radiation schemes: in libRad-
tran/DISORT the Shettle (1989) rural aerosol profile is used, in the HARMONIE IFS
scheme an aerosol climatology (Tanré et al., 1984; Mascart and Bougeault, 2011) is ap-
plied and in hiradia aerosols are represented by constant coefficients (Savijarvi, 1990).
As these cannot be compared in detail, i.e. for various aerosol types and concentra-
tions, we only compare the effect of including and excluding aerosols in each scheme
(experiment 3).
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3 Results and discussion

In the following sub-sections the total downward SW irradiance at the surface on a hor-
izontal plane, i.e. the global radiation [Wm_z], is presented for each of the 12 radiation
sensitivity experiments (Table 1). In addition, net fluxes on model levels are presented
for a select number of the experiments. Net fluxes, defined as the downward SW fluxes
minus the upward SW fluxes, are presented as % differences relative to the accurate
DISORT model. Clear sky experiments are discussed in Sect. 3.1 and cloud liquid and
cloud ice experiments are discussed in Sects. 3.2 and 3.3, respectively. In these ex-
periments when the cloud condensate is > 0 kg m™2 the fractional cloud cover was set
to 1.

3.1 Clear sky experiments

Four clear sky experiments were carried out to test the SW radiation sensitivity to water
vapour (experiment 1), solar zenith angle (experiment 2), aerosols (experiment 3) and
surface albedo (experiment 4).

3.1.1 Experiment 1: water vapour

In the water vapour experiment (experiment 1), the agreement between the IFS radia-
tion scheme and DISORT is within 1 % for the global radiation while the hiradia shows
a consistent positive bias of 4 % to 6 % or 30Wm™ to 40Wm™? relative to DISORT
(Fig. 1). The absolute and relative biases of hlradia increase with decreasing water
vapour mixing ratio. The height level net flux deviation of IFS from DISORT (Fig. 2)
varies from approximately +2.5 % at the top of the atmosphere to between —-0.5 % and
—-1.0% at the surface. By studying both the upward and downward flux components of
IFS and DISORT (not shown here), we find that the difference at the top of the atmo-
sphere comes primarily from differences in the downward component of the fluxes.
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The hlradia net flux differences are approximately +1.0% at the top of the atmo-
sphere increasing towards +5.0 % at the surface (Fig. 3). For hiradia, it is not possible
to separate the model level downward and upward radiation fluxes. Thus, the positive
bias in the net SW flux, which increases towards the surface may be due to an over-
estimation of the downward or an underestimation of the reflected radiation. In both
cases, the most humid near-surface layers seem to systematically transmit more and
absorb less SW radiation in hlradia than in the reference DISORT.

Gases other than water vapour affect the SW radiation. The most important of these
is ozone. We have tested the SW sensitivity to ozone by running DISORT. Here the
ozone cross section parametrization of Bass and Paur (1985) is used. When ozone
was reduced from 500 Dobson Units (DU) to 100 DU, the global radiation at the sur-
face increased by 2.3 %. Since 500 DU and 100 DU are extreme values of the ozone
layer thickness, we find that there is little error in using climatological ozone data (as
is done in the IFS radiation scheme), or in using constant ozone SW absorption (as is
done in hiradia). In an hiradia experiment, a complete removal of the ozone absorption
led to an increase in the global radiation at the surface of 4.5 %. Detailed UVB/UVA es-
timations are not needed in general NWP computations and should be done separately
by combining the modelled SW fluxes with the most recent 0zone measurements.

The variations in carbon dioxide and oxygen are practically irrelevant for SW radia-
tion in NWP modelling, because they only affect the extreme fringes of the IR and UV
parts of the solar spectrum, respectively. As an example we tested the sensitivity of
SW radiation to carbon dioxide concentration with DISORT. The carbon dioxide con-
centration is set to 330 ppm in the “mid-latitude summer” profile from Anderson et al.
(1986). In both IFS and hiradia, this is set to be 353 ppm. Increasing the carbon dioxide
concentration in the DISORT run from 330 ppm to 353 ppm causes a relative decrease
of 0.01 % in the surface downward global SW radiation. The relative impact of changing
the oxygen concentation on the surface downward global SW radiation is even less. In
an hiradia experiment, the effect of doubling the CO, concentration on the SW radiation
fluxes was not detected.
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3.1.2 Experiment 2: solar zenith angle

The solar zenith angle (SZA) experiment (experiment 2, Fig. 4) shows agreement be-
tween the IFS global radiation and DISORT to within 1.5 % for most SZAs. However,
when SZA = 80° (low solar elevation) the DISORT global radiation is 16 % lower than
that from the IFS radiation scheme. Large relative differences are also present in the
case of the hilradia scheme for the largest SZA. For the higher SZAs the relative differ-
ence for hlradia increases from +1.6 % for SZA = 0° to +5.3 % for SZA = 60°. However,
in terms of the absolute differences, the IFS global radiation is always within £20 Wm™
of the DISORT results, while hiradia again shows a systematic overestimation of +15
to +25Wm'2, which is consistent with Fig. 1 for the case where the reference water
vapour load is equal to that used in the SZA experiment (29.63 kg m‘z).

For the largest SZAs the DISORT results are not accurate for two reasons. Firstly,
the atmosphere is assumed to consist of plane parallel layers (Stamnes et al., 1988),
whereas in reality the atmosphere consists of spherical shells. This causes a negative
error, since the atmospheric optical depth is overestimated. Secondly, the illumination
is assumed to be plane parallel, whereas the Sun has an angular extension of 0.5°. At
a SZA of 80° this has been shown to cause a positive error of 2.5 % (Stamnes et al.,
2000). In the IFS radiation scheme the sphericity of the atmosphere is accounted for
with the magnification factor of Rodgers (1967):

\/ 122412 +1

3B ©)

Ho, corrected =

where u is the cosine of the SZA. In the empirical SW clear sky transmittance for-
mula in hiradia, there is no explicit correction done to account for the sphericity of the
atmosphere (Savijarvi, 1990).
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3.1.3 Experiment 3: with and without aerosols

Experiment 3 involved testing aerosols, i.e. the atmospheric particles, which are treated
differently in each of the schemes. Each scheme was tested with and without the in-
clusion of aerosols. It can be seen from Table 3 that including aerosols in the radiation
schemes causes a decrease of between 25 Wm™ and 40Wm™2 in the global radia-
tion depending on which scheme is used. Comparing the schemes, the HARMONIE
IFS scheme agrees with DISORT to within +1.5 %, while the hiradia scheme shows
relative differences of between +4 % and +6 %. When aerosols are included, the rela-
tive difference between the IFS scheme and DISORT is —1.0 %. The overestimation of
global radiation by hiradia compared to DISORT is quite similar for the cases with and
without aerosols (4.5 % and 5.5 % respectively), which again points towards the han-
dling of water vapour transmission as the main source of the clear sky SW radiation
bias in hiradia.

3.1.4 Experiment 4: surface albedo — clear sky case

In experiment 4 the sensitivity of varying the surface albedo in clear sky conditions
was tested (Fig. 5). Once again, the relative difference for the IFS radiation scheme
compared to DISORT is very low, ranging from —0.5 % to —1 %. For the hiradia radiation
scheme the relative differences range from +4 % to +5 %, increasing with increasing
albedo. The differences in net fluxes as a function of height in the atmosphere are
shown in Figs. 6 and 7 for the IFS and the hiradia radiation schemes, respectively,
relative to DISORT. The differences in the net fluxes are less than 1% at the surface
for the IFS radiation scheme and increase with increasing surface albedo to up to 20 %
at a height of 2-3 km. The differences in net fluxes for the hiradia radiation scheme are
less than +5 % at the surface and decrease to less than —5 % in the upper atmosphere
for the higher surface albedos.
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3.2 Liquid cloud experiments

Four liquid cloud experiments were run to test the SW radiation sensitivity to cloud
water load, cloud drop effective radius (r ;) and surface albedo. Tests of the surface
albedo sensitivity were run for both the case of a cloud of medium thickness (cloud
water load 0.1 kg m_2) and the case of a thick cloud (cloud water load 1.0 kg m_2).

3.2.1 Experiment 5: cloud water load

Experiment 5 was run to test the cloud water load sensitivity. A fixed r i of 10 pm was
used, which is a typical value for stratocumulus clouds (e.g. Martin et al., 1994).

Before being used for SW radiation calculations the cloud water load is modified
by a so-called cloud SW inhomogeneity factor of 0.7 in the default SW scheme of
HARMONIE 37h1. In hiradia, an SW inhomogeneity factor of 0.8 is used as default.
After several tests, it became clear that the SW inhomogenity factor is very significant.
We therefore performed an additional test. In Fig. 8 and in Table 4 the effect of changing
the inhomogeneity factor can be seen.

For cloud water loads of 0.05kg m~2 to 0.1 kg m~2 the transmitted global radiation
is almost 50 Wm™2 higher with the SW inhomogeneity factor set to 0.7, as compared
to when it is set to 1.0, for the case where the default Harmonie radiation settings
are used i.e. IFS with the Fouquart cloud optical property parametrization (Fouquart,
1987). Similarly, when the hiradia scheme is used with an SW inhomogeneity factor
of 1.0 rather than 0.8, the global radiation is more than 30Wm™2 less. Note that in
our experiments, where cloud water load is given as an input value, application of an
inhomogeneity factor means reduction of this predefined input with 20 % (hlradia) or
30 % (IFS).

Overall, when the cloud SW inhomogeneity factor is set to 1.0, the results are closer
to those from DISORT. This is not surprising, as the DISORT benchmark tests were
done for horizontally homogeneous clouds. In both the Meso-NH model (Mascart and
Bougeault, 2011) and in the most recent cycles of the global IFS model (ECMWF,
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2012) the cloud SW inhomogeneity factor is set to 1.0. Some meteorological institutes
run hiradia (within the operational HIRLAM) with this setting. In all of the following cloud
experiments (5—12) we set the cloud inhomogeneity factor to 1.0 for every scheme. In
Sect. 3.2.2 we discuss the cloud SW inhomogeneity at a more general level.

The discrepancies between using the IFS radiation scheme with the HARMONIE
37h1 default cloud liquid optical property scheme (Fouquart, 1987), hiradia and the
accurate DISORT model are shown in Fig. 9. In this figure the results obtained when
using two alternative liquid cloud optical property schemes are also shown. The first of
these schemes is the Slingo (1989) scheme that is optionally available in HARMONIE
37h1, while the second is the Nielsen scheme as described in Egs. (3-5) and Table 2.
In Table 5 the results are shown in the form of absolute differences compared to the
DISORT calculations.

It can be seen that the default IFS radiation scheme in HARMONIE, with the
Fouquart (1987) liquid cloud optical property scheme, shows a positive bias of up to
+32Wm™ (+8 %) for clouds with 0.02 kg m~2 cloud water load but shows a smaller
bias for more water-rich clouds. For the alternative Slingo (1989) liquid cloud opti-
cal property scheme the results show a negative bias of up to —34Wm™ (=17 %)
for clouds with a 0.1kg m~2 cloud water load. The Nielsen liquid cloud optical prop-
erty scheme has the lowest overall bias in this experiment, with a maximum bias of
—17Wm™2 (=8 %) for a cloud water load of 0.1 kgm™2. For the hiradia scheme there is
a high positive bias of up to +53Wm™2 (+11 %) for a cloud water load of 0.005 kg m=2.
For cloud water loads of 0.1 Wm™2 and higher, the hiradia scheme has practically no
bias. Here the positive bias of the hiradia scheme in clear sky conditions (Figs. 1, 3, 4,
5 and 7) should be kept in mind. If this were to be corrected, the hiradia results overall
would be around 5 % lower in this experiment.

In Figs. 10—-13 the relative differences between the net fluxes as a function of height
are shown for each of the four parametrizations tested. As for the global radiation,
the net fluxes mostly have a positive bias both below and above the clouds when
the Fouquart parametrization is used an increasingly negative bias is seen below
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increasingly thicker clouds (Fig. 10). For the Slingo and Nielsen parametrizations the
significant negative biases in the net fluxes are predominantly below the clouds, while
the differences are smaller and mostly positive above the clouds (Figs. 11 and 12).
Again an increasingly negative bias is seen below increasingly thicker clouds. The
results for the hlradia scheme do not display this pattern (Fig. 13). Instead, a clear
negative bias (< —20 %) is seen in the net flux only at the top of the thicker clouds,
but not below and above these. Such a pattern can be explained by a too large cloud
absorptance and a too low cloud reflectance in the hiradia scheme.

3.2.2 General discussion on cloud inhomogeneity

In an NWP model grid box clouds may be inhomogeneously distributed. It can easily
be shown that representing clouds as a linear average covering a certain fraction of
the grid box does not produce the same SW transmittance and reflectance as when
the clouds are resolved. This is because the cloud transmittance and reflectance do
not vary linearly with cloud optical depth. On the other hand, in cases where clouds are
homogeneously distributed within a gridbox the linear average is correct. Therefore, it
is incorrect to multiply clouds in all grid boxes by the same cloud inhomogeneity factor,
as is currently done in HARMONIE. To deal with these issues properly, and also to deal
with the effects of 3-D cloud radiation transfer, more a sophisticated scheme like the
one recently proposed by Hogan and Shonk (2013) is required.

3.2.3 Experiment 6: cloud drop effective radius

Experiment 6 was run to study the sensitivity of the schemes to varying le, ligs keeping
the integrated cloud water load at 0.1 kg m~2. The global radiation results are shown in
Fig. 14 and in Tables 6 and 7. The net irradiance results relative to DISORT are shown
in Figs. 15—-18.

The new Nielsen parametrization clearly performs best compared to the DISORT cal-
culations (Fig. 14 and Tables 6—7). The Slingo parametrization performs considerably
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worse when r, 4 is varied, which is in contrast to experiment 5 where the liquid cloud
water load was varied (Fig. 9). This parametrization was designed for a limited cloud
droplet size range of 4.2—16.6 um (Slingo, 1989). Therefore, it is not surprising that its
performance deteriorates for large cloud droplet sizes. Previously, Dobbie et al. (1999)
have shown that the Slingo parametrization does not agree with calculations based on
Mie theory for the larger cloud droplets. The Fouquart parametrization has a consis-
tently positive bias as a function of r,, |, relative to DISORT (+15Wm™2 to +25 Wm™2
i.e. +6 % to +17 %). The hlradia parametrization performs very well for the small cloud
droplets but has a positive bias for cloud droplets which are larger than 15 pm.

In Figs. 15-18 the corresponding results for the net flux differences are shown.
Again, the positive bias in the net fluxes is consistently positive for all height levels
when the Fouquart parametrization is used (Fig. 15). The biases of the Slingo (Fig. 16)
and Nielsen (Fig. 17) schemes are mainly below the cloud rather than above. For the
Nielsen scheme the negative bias increases with decreasing r, ;- As in Fig. 14, the
results for the hiradia scheme are very good (Fig. 18) also for the atmospheric net
fluxes.

3.2.4 Experiments 7 and 8: surface albedo under liquid cloud conditions

Experiment 7 was run for a fixed integrated cloud water load of 0.1 kg m~2 and a fixed
Ie, iq Of 10um. The results of varying the surface albedo can be seen in Fig. 19, which
shows that the three cloud optical property parametrizations in the IFS scheme have
similar sensitivities to surface albedo. The increase in global radiation as a function
of surface albedo is slightly greater in the case of hiradia. When DISORT is used the
increase in global radiation as a function of the surface albedo is larger than for each
of the HARMONIE schemes.

Experiment 8 was run for a fixed integrated cloud water load of 1.0kg m~2 and was
otherwise similar to experiment 7. As in experiment 7, it can be seen that the global
radiation sensitivity in DISORT as a function of the surface albedo is considerably larger
than for the HARMONIE cases (Fig. 20).
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In each of the experiments the surfaces were assumed to have angular distributions
of scattering that follow Lambert’s cosine law (Lambert, 1760). In reality, such surfaces
do not exist (Lommel, 1889; Bhandari et al., 2011), but they are used in NWP and cli-
mate models due to the lack of computational resources needed to resolve the angular
radiance distribution. In the 30-stream DISORT simulations the angular radiance distri-
bution is resolved, but since the assumption of Lambertian surface reflectance is made,
the surface reflectance cannot be the reason for the discrepancies seen in Figs. 19 and
20. The differences must thus arise from differences in the downward global radiation.
The sensitivity of this to the surface albedo arises from multiple reflections of the SW
irradiance between the surface and the cloud layer.

In the IFS scheme all scattered irradiance, including that transmitted diffusely
through clouds, is modelled as having a zenith angle of 53.0°, i.e. the irradiance trans-
mitted diffusely through or reflected from clouds is assumed to be on average 60 % (i.e
cos (53.0°%)) of the irradiance normal to the surface (Mascart and Bougeault, 2011). An
assumption like this is necessary in the delta-Eddington scheme or any scheme that
does not resolve the angular distribution of the radiance (Thomas and Stamnes, 2002).

Hopf (1936) showed that the effective angle of irradiance transmitted diffusely
through an optically thick conservatively scattering medium approaches 45° as the opti-
cal depth approaches infinity. Thus, 71 % of the irradiance reaches a horizontal surface
compared to the case where all the irradiance is normal to the surface. This relative
amount of irradiance as a function of optical depth is referred to as the Hopf g func-
tion. The value g(o0) =71 % is almost reached at an optical depth of 1.5, where g(1.5)
is 70.5% as shown by King (1960) and King et al. (1965). Thus, for optical depths
of 1.5 and above the diffuse transmittance of SW irradiance through thick clouds is
underestimated by approximately 18 % in the IFS scheme.?

®The relation between the optical depth, cloud water load and Ie, liq €@N be calculated based
on Egs. (1)-(5). For example, the optical depth of 1.5 in case of the third spectral band would

correspond to the cloud liquid water load of approximately S).Ggm‘2 when rg jiq is 10 pm.
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When the optical depth is 0, the Hopf g function is 57.7 %, which is close to the value
assumed in the IFS-radiation scheme. Thus, it seems very likely that the assumptions
about the Hopf g function in the IFS-scheme is the cause of the increasingly negative
biases below increasingly optically thick clouds, as seen for example in Figs. 12 and
17. It also seems reasonable that the significance of this is amplified below clouds
where there are multiple reflections due to a high surface albedo. In order to test this
hypothesis we ran an additional version of experiment 5 with a changed Hopf g function
in the IFS scheme. The results of setting the Hopf g function to 71 % can be seen in
Fig. 21, which should be compared with Fig. 12, where the IFS default Hopf g function
value of 60 % was used.

This extra experiment illustrates the significance of the Hopf g function. The negative
bias under the thicker liquid clouds is reduced, while there is an increased positive bias
under the thinner liquid clouds and above the cloud layer. This shows that a Hopf
function that varies with the optical properties in the atmosphere should be used rather
than a constant value, which will not be correct in all cases. Implementing a variable
Hopf function in the IFS scheme could be a computationally cheap way of improving
the radiative transfer calculations.

3.3 Ice cloud experiments

Four ice cloud experiments were run to test the SW radiation sensitivity to cloud ice
load and cloud ice particle equivalent radius (r, ic) in the case of a typical land surface
albedo of 0.18 and a typical snow surface albedo of 0.7. Experiments 9 and 10 were
run for a fixed ry e Of 50 um. This is a typical value of r, ;. for pure ice clouds (Fu,
1996; Nielsen, 2011).

3.3.1 Experiments 9 and 10: cloud ice load

For the IFS radiation scheme, we tested the Fu and Liou (1993) ice cloud parametriza-
tion, which is the default in Harmonie 37h1, and the more recent Fu (1996)
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parametrization. As can be seen in Fig. 22 both of these parametrizations compare
very well to the DISORT calculations in the cloud ice load sensitivity test with low
albedo (experiment 9). In the high albedo case (experiment 10) both parametrizations
show a significant negative bias for cloud ice loads of 0.2kg m~? and above as shown
in Fig. 23. Both the Fu and the Fu—Liou schemes perform excellently in experiment 9
and very well for most cloud ice loads in experiment 10. The hiradia scheme performs
worse than the IFS schemes. Again, this can to a large extent be explained by the clear
sky positive bias of hilradia. With the clear bias removed, the hiradia results in experi-
ments 9 and 10 (Figs. 22 and 23) would be around 5 % lower and much closer to the
IFS scheme results. This also applies to experiments 11 and 12 (Figs. 24 and 25).

3.3.2 Experiments 11 and 12: cloud ice particle equivalent radius

In Figs. 24 and 25 the results from the two tests of SW sensitivity to r, i, are shown.
It can be seen that the Fu (1996) parametrization shows better agreement with the
DISORT calculations than the Fu and Liou (1993) parametrization. Both of these show
a negative bias of approximately —10 % for the smallest r,, ;.. in the low and high sur-
face albedo cases (Figs. 24 and 25).

In Figs. 26—28 the net flux differences relative to DISORT are shown for the Fu and
Liou (1993) parametrization, the Fu (1996) parametrization and the hilradia scheme
(Wyser et al., 1999), respectively. For the latter a strong positive bias is seen in the net
fluxes at all atmospheric levels. In the two first cases the largest biases are seen under
the clouds with the largest cloud ice loads. This is a similar pattern to that seen in the
cloud liquid water load tests (Figs. 11 and 12), which again supports our hypothesis
that the Hopf g function should be a function of optical depth in the radiation scheme.

In both DISORT, IFS and hiradia cloud ice is considered to consist of hexagonal crys-
tals. In reality, cloud ice particles come in multiple shapes (Baker and Lawson, 2006;
Lawson et al., 2006). As shown by Kahnert et al. (2008), these shapes significantly af-
fect the SW forcing of the cloud. Thus, the benchmarking quality of the DISORT run, in
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this case, is no better than the correctness of the basic assumption made on the cloud
ice particle shape. It is only correct for ice clouds consisting of hexagonal crystals.

4 Conclusions and outlook

Overall we have demonstrated an effective method for testing the radiative transfer
computations performed in an NWP model. By defining simplified atmospheric and sur-
face conditions in a single-column model, we have full control of the input and can make
clean comparisons of the different parametrizations. Such baseline testing is a neces-
sary first step towards studying the sensitivity of NWP model results — the weather
forecast — to the radiation parametrizations, for which integration in time in a realis-
tic evolving 3-D atmospheric environment is required. We have found strengths and
weaknesses of the IFS and hiradia parametrizations in HARMONIE in the controlled
experiments and suggest the improvements outlined below.

Regarding the IFS SW radiation scheme with HARMONIE default settings in com-
parison to highly detailed radiative transfer calculations we found that:

— The clear sky computations compare excellently.

— The Fu (1996) cloud ice optical property parametrization compares better than
the Fu and Liou (1993) parametrization. However, both compare fairly well, given
the assumption that cloud ice particles are hexagonal columns.

— A new optical property parametrization for liquid clouds has been developed.
We have shown that this is better than the parametrizations currently available
in HARMONIE.

— Assuming climatological ozone profiles induces an SW error of a few percent at
most.

Regarding the much simpler hiradia SW scheme with only one spectral band we have
found that:
6793
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— In the clear sky test cases there is a consistent bias of +4 % to +6 %. This could
be fixed by tuning the scheme.

— The cloud liquid transmittance formula currently used in hiradia performs impres-
sively well, especially considering the simplicity of the hiradia parametrization.

— The cloud ice transmittance calculated with hiradia is within 10 % of that calculated
with DISORT when the cloud ice load is less than 0.5 kg m~2. In the calculations
ice clouds are assumed to consists of hexagonal columns.

— Assuming a constant ozone SW absorptance induces an error of a few percent at
most.

Based on the above we propose the following future work:

— The current choice of 6 spectral bands in HARMONIE/IFS should be re-assessed,
as the first spectral band is irrelevant for NWP modelling.

— The SW cloud inhomogeneity factor should be changed from 0.7 (0.8) to 1.0 in all
schemes applied in HARMONIE.

— The effects on the general 3-D NWP results of using the Nielsen cloud liquid
optical property parametrization within the IFS scheme should be tested.

— In order to improve the delta-Eddington radiative transfer calculations, the possi-
bility of using a variable Hopf g function should be investigated.

— The hlradia gaseous transmission coefficients should be tuned to the DISORT
clear sky results presented here.

— The impact of aerosols needs to be investigated further.
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Table 1. The benchmark radiative transfer experiments.

Experiment Variable Range
1 Integrated water vapour 0.32-32kg m™2
2 Solar zenith angle 0-80°
3 Aerosols on/off
4  Surface albedo (clear sky) 0.0-0.8
5 Cloud liquid water 0-5kgm~
6 Cloud drop eff. radius r, 4-40 um
7 Surface albedo (cloudy sky:
(cloud water load 0.1 kgm™2) 0.0-0.8

8 Surface albedo (thick cloud:
cloud water load 1.0 kgm™2) 0.0-0.8
9 Cloud ice (albedo=0.18) 0-0.5kgm™2
10 Cloud ice (albedo=0.7) 0-0.5kgm™2
11 1 ice (albedo=0.18) 20-80 um
12 re ice (albedo=0.7) 20-80 pm
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Table 2. Coefficients used for the Nielsen liquid cloud optical parametrization. The columns % .
show the wavelength bands (/) 2-6. g K. P. Nielsen et al.
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i 2 3 4 5 6 S
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Table 3. Global radiation results for the aerosol experiment 3. The two last rows give the ab-
solute and relative differences for the cases where aerosols were included/excluded for each
of the three radiation schemes, respectively. Column 4 shows the relative differences between
IFS and DISORT, column 6 shows the relative differences between hiradia and DISORT, each
including or excluding their own aerosols.

Aerosols DISORT IFS hiradia
On 532 526 -1.0% 555 +4.5%
Off 558 565 +1.3% 589 +5.5%
Abs. diff. -26 -38 -33
Rel. diff. -46% -6.8% -5.7%
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Table 4. Absolute differences (unit: Wm‘2) for experiment 5. IFS-F refers to the IFS radiation
scheme using the Fouquart (1987) liquid cloud optical property parametrization. The numbers
0.7, 0.8 and 1.0 give the value of the cloud SW inhomogeneity factors.

Cl.wat. IFS-F0.7 IFS-F1.0 hlradia 0.8 hiradia 1.0
kg m'z] diff. diff. diff. diff.
0.000 -5.01 -5.01 23.99 23.99
0.001 8.72 6.02 40.38 40.38
0.002 12.56 7.61 51.22 51.22
0.005 24.66 14.11 63.34 53.19
0.010 41.67 23.70 68.76 51.37
0.020 60.75 32.02 68.86 42.55
0.050 72.20 27.93 50.26 16.27
0.100 65.88 16.65 32.03 0.52
0.200 48.20 4.83 19.98 -3.48
0.500 19.09 -6.76 11.80 -0.65
1.000 3.86 -9.34 8.28 1.37
2.000 -2.41 -7.80 5.83 2.19
5.000 -2.95 -3.76 3.59 2.09
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Table 5. Absolute differences (unit: Wm'z) for experiment 5. IFS-F, IFS-S and IFS-N refer to
the IFS radiation scheme using the Fouquart (1987), the Slingo (1989) and Nielsen liquid cloud

optical property parametrization, respectively.

Cl.wat. IFS-F IFS-S IFS-N hlradia
kgm™]  diff. diff. diff. diff.
0.000 -501 -501 -501 23.99
0.001 6.02 052 242 40.38
0.002 761 -194 138 51.22
0.005 1411 -472 196 53.19
0.010 2370 -6.28 438 51.37
0.020 32.02 -11.54 376 4255
0.050 27.93 -27.48 -851 16.27
0.100 16.65 -33.70 -1657  0.52
0.200 4.83 -27.82 -1595 -3.48
0500 -6.76 -1428 -8.34 -0.65
1.000 -9.34 -8.48 -492  1.37
2.000 -7.80 -517 -3.48  2.19
5000 -376 -2.01 -1.60  2.09
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Table 6. Relative differences for experiment 6. IFS-F, IFS-S and IFS-N refer to the IFS radia- K. P. Nielsen et al.
tion scheme using the Fouquart (1987), the Slingo (1989) and the Nielsen liquid cloud optical &
property parametrizations, respectively. 2
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Fig. 1. Experiment 1: Global radiation as a function of integrated water vapour. The results from
DISORT (red line with +), IFS (green line with x) and hiradia (blue line with *) are shown. The
vertical dashed line marks the reference integrated water vapour used in the other experiments.
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Fig. 5. As for Fig. 1 but for surface albedo (experiment 4). The vertical dashed line at 0.18
marks the reference albedo used in experiments 1-3, 5-6, 9 and 11. The vertical dashed line
at 0.7 marks the albedo used in experiments 10 and 12.
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Fig. 6. As for Fig. 2 but for IFS-DISORT as a function of surface albedo (experiment 4).
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Fig. 8. Global radiation as a function of cloud water load (experiment 5). The results from
DISORT (green dashed curve), IFS Fouquart with SW inhomogeneity factors of 0.7 (magenta
dotted curve) and 1.0 (red curve), and hiradia with SW inhomogeneity factors of 0.8 (blue

dashed curve) and 1.0 (black curve) are shown.
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Fig. 9. As for Fig. 8 but here the SW inhomogeneity factor is 1.0 in all cases. The results
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Fig. 11. As for Fig. 10 but for IFS-Slingo vs. DISORT.
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Fig. 13. As for Fig. 10 but for hilradia vs. DISORT.
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Fig. 18. As for Fig. 15 but for hilradia vs. DISORT.
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Fig. 19. As for Fig. 9 but for surface albedo for the case of a cloud of medium thickness (ex-
periment 7). The vertical dashed line at 0.18 marks the reference albedo used in experiments

5 and 6.
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Fig. 21. As for Fig. 12 but run with the Hopf g function set to 71 %.
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Fig. 24. As for Fig. 1 but for varying r, ;.. and fixed albedo = 0.18 (experiment 11). The vertical
dashed line at 50 um marks the r, ;.. value used in experiments 9 and 10.
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Fig. 28. As for Fig. 26 but for hilradia vs. DISORT.
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