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Abstract
The Fast All-sky Radiation Model for Solar applications (FARMS) has been coupled with
WRF-Solar and evaluated against an often used two-stream model (RRTMG), using irradiance observations from 31 stations scattered all over the Netherlands. During the implementation, several developments have been made to the FARMS model to largely reduce (68%) the
systematic overestimation of GHI from 82.51 to 26.04 W/m2 averaged over the full year, approaching RRTMG having a bias of 28.14 W/m2 . FARMS shows large biases for direct (210.56
W/m2 ) and diffuse irradiance (-58.69 W/m2 ) compared to RRTMG (47.44 and 3.30 W/m2 ).
Both RRTMG and FARMS show a negative bias under liquid water clouds and a positive bias
under frozen water clouds. Both show a larger GHI bias during summer. There is a positive
bias after sunrise and a negative bias near sunset. The bias is largest under moderate cloud
cover (50-80%) when variability is high. To assess the added value when accounting for the
radiative effects of unresolved clouds (not done in FARMS), two methods have been tested:
one including boundary layer clouds (pbl-based method) and one based on relative humidity
(RH-based method). The pbl-based method has a small systematic bias of 2.99 W/m2 (89%
decrease), whereas the RH-based method has a large annually averaged bias of -75.88 W/m2 ,
in which the bias is especially large during summer months. This large negative bias is possibly due to an internal parameter inaccurate for this simulation. Under overcast conditions,
accounting for unresolved clouds reduces the bias from 39.04 to 24.60 W/m2 (37% decrease)
using the pbl-based method. Including a correct representation of unresolved clouds and very
thin clouds in FARMS is considered highly valuable. As for the RH-based unresolved cloud
representation, the parameterizations for simulation-specific parameters should be reviewed.
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Introduction

leads to an overestimation of the surface irradiance (Mathiesen & Kleissl, 2011).

The growing global energy consumption, the
greenhouse gas emissions inducing global climate change and the unsustainable character of
traditional energy resources are just a few arguments explaining the ever growing demand for
use of renewable resources. Two of the most
promising renewable energy techniques at this
moment are solar and wind energy. Although
wind energy still holds a larger share, as discussed in for instance Perez & Perez (2015), the
potential of solar energy is far greater. The
downside to these renewable energy sources is
their variable nature, due to uncontrollable meteorological conditions. For this reason, accurate power yield forecasts are necessary to allow for more efficient grid operations and consequently maximizing the exploitation of these
renewables (Jimenez et al., 2016b). Focusing on
solar energy, accurate irradiance forecasts are
also important for other fields of study, such
as hydrologic and land surface modeling (Lapo
et al., 2017).
Where statistical methods and processing
satellite or ground imagery show reliable results for short-term irradiance forecasts up to six
hours (e.g. Hamill & Nehrkorn, 1993; Mathiesen
et al., 2013; McCandless et al., 2015), Numerical Weather Prediction (NWP) models become
competitive for longer time scales (e.g. Jimenez
et al., 2016b; Perez et al., 2013). Despite this potential of NWP models to being able to produce
accurate surface irradiance forecasts, in literature three issues related to most current NWP
models can be identified for solar energy applications:

3. Radiation schemes are generally very computational expensive. In most studies, the
radiation scheme is therefore only called every few time steps, but for solar energy applications more frequent calls are necessary
(e.g. Jimenez et al., 2016b; Xie et al., 2016).
As shown in figure 1, calling the radiation
scheme every time step does not show the
"stepping" behavior (especially beneficial under clear sky near the end of the day). Additionally, more frequent calls to the radiation
scheme captures more extreme attenuation
under cloudy skies, for example around 12
UTC.

Based on the Weather Research and Forecasting (WRF) model (Skamarock et al., 2008),
WRF-Solar has been developed in an attempt to
meet these specific demands set by the solar energy industry. All developments of WRF-Solar
compared to the standard version of WRF are
extensively described in Jimenez et al. (2016b).
Related to the three issues mentioned above, the
most important characteristics of WRF-Solar for
this research include: (1) DNI and DIF are
directly available in the output at the same
temporal resolution as GHI, (2) the hydrometeor effective radii computed by Thompson’s microphysics scheme (Thompson et al., 2015) are
passed to the radiation parameterization and (3)
the Fast All-sky Radiation Model for Solar applications (FARMS; Xie et al., 2016) is coupled
with WRF to compute irradiance variables every
time step at minimal computational expense.
Using WRF-Solar, Jimenez et al. (2016b)
found significant improvements in irradiance
1. The global horizontal irradiance (GHI) is
forecasts compared to the standard verpresent in the output, but the direct normal
sion of WRF under clear sky conditions
irradiance (DNI) and diffuse (DIF) are not
and Jimenez et al. (2016a) found that acstandard output for the user (Jimenez et al.,
counting for the radiative effect of unre2016b). DNI has far more influence on the
solved clouds largely reduces (55%) the syssolar energy production than the other comtematic overestimation of surface irradiance
ponents because of its highly concentrated
as mentioned in e.g.
Mathiesen & Kleissl
nature, hence having explicit outputs of all
(2011). A case study by Lee et al. (2017)
components is key in making accurate energy
yield forecasts.
2. Clouds can have a huge influence on the local
radiation balance depending on their height,
depth and size, especially since DNI would
drop to zero rather quickly. For these reasons, it is essential to accurately simulate
cloud characteristics such as cloud fraction
and cloud optical thickness (COT) in order
to produce solid energy yield forecasts. However, in NWP models the cloudiness is generally underestimated, which consequently

Figure 1: Typical example of GHI on a day with broken clouds, simulated when calling the radiation scheme
every 10 minutes (black) and every 1 minute (gray).
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showed that WRF-Solar performs reasonably
well compared to statistical and satellite-based
forecasting models when accounting for unresolved clouds.
In this study, two performance analyses have
been carried out, each focusing on one of the
NWP issues mentioned before. Firstly, the new
fast radiative transfer model (FARMS) will be
evaluated, hoping it will have a similar accuracy to the more expensive traditional models
to decrease computational expense. Secondly,
a two unresolved cloud representations (one accounting for boundary layer clouds and the other
based on relative humidity) recently included in
WRF will be evaluated, hoping it will bypass
the systematic underestimation of cloudiness as
generally found in NWP models. An accurate
representation of unresolved clouds would allow
one to run the simulation at a higher spatial resolution, which in turn again reduces the computational expense. A more detailed description of
the reference simulation and its alternatives is
provided in section 2.3. The model results will
be evaluated under all sky conditions with special attention for overcast conditions, using data
from 31 observational sites in the Netherlands,
a coastal area without complex terrain.
The rest of this paper has been organized
as follows. Section 2 shortly describes the used
observational data (2.1), the methodology used
to determine overcast days (2.2) and the experimental setup (2.3). Background information is provided on the radiation models (2.4)
and the unresolved cloud representations (2.5)
used in this study. Results are presented in section 3, in which the performance assessments of
the radiation models (3.1) and the unresolved
cloud representations (3.2) are discussed, followed by a more detailed analysis of overcast
days (3.3). Comprehensive conclusions and recommendations are given in section 4.
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Figure 2: Locations of all stations. Blue markers indicate stations providing 10-min averaged GHI data,
red markers indicate stations providing 1-min averaged
GHI, DNI and DIF data

are part of the global Baseline Surface Radiation
Network (BSRN; McArthur (2005)). In addition
to the one-minute averages, the GHI observations from Cabauw are resampled to ten-minute
averages in order to easily include these in the
analysis using all data from all sites. Resampling
is done by taking the mean of the present time
steps when at least half of the time steps (five
out of ten) holds data. The ten-minute averaged
GHI data from all other locations is complete for
at least 99%. Furthermore, Cabauw provides
data on the presence and (physical) characteristics of clouds obtained with ground-based imagers, lidar and radar. Cloud information includes cloud cover (see section 2.2 for description), liquid water content (LWC) and ice water content (IWC). Both LWC and IWC data
are present with a temporal resolution of 16 seconds, but have been resampled to one-minute
averages for workability arguments, since both
the irradiance data and WRF output of the inner domain have the same resolution. Information on the completeness of these datasets
can be found in table 1. Since LWC and IWC
data are only used for overcast days, table 1
only shows their presence during these days.

Methods
Data description

In this study, irradiance or radiation data from
31 observational sites scattered all over the
Netherlands, the locations of which are presented in figure 2, have been used to validate the
model. For the majority of these sites (30 locations, indicated by a blue marker) the data used
are ten-minute averaged GHI observations. The
observational site named Cabauw (52.970◦ N,
4.926◦ E) provides the irradiance variables GHI,
DNI and DIF with a high temporal resolution of
one minute (indicated by a red marker). Worth
mentioning is that the instruments in Cabauw

Table 1: Presence of the most important variables in the
dataset of Cabauw

Variable
GHI
DNI
DIF
Cloud cover
LWC (DOIs)
IWC (DOIs)
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Resolution
(min)
1
10
1
1
10
1
1

Presence
daytime (%)
82.9
99.0
83.0
82.6
95.6
60.2
80.6

Figure 3: Occurrence of cloud cover in Cabauw in 2014. The x-axis represents the daily averages cloud
cover and the y-axis the standard deviation during the day. Both the colors and numbers in the cell
indicate the relative occurrence (in percentage) of the particular cell.

rather than irradiance data. The leading data
used for this identification were cloud cover observations obtained by the Nubiscope infrared
imager (Wauben et al., 2012) at Cabauw. This
dataset contains, among others things, the variable total cloud cover, split up in high, middle
and low cloud cover. The instrument does not
capture overlapping levels and it makes a scan
of the atmosphere every ten minutes. In 2014,
the year under study, the variable "total cloud
cover" is present for 95.8% of the time.
Ideally, overcast (OC) DOIs would be defined
as 100% mean cloud cover with 0% standard deviation. However, due to short, small breaks
in the clouds and some potential measurement
errors, this definition would only lead to a few
DOIs. Hence a wider definition needs to be used.
Using the following definition led to 34 potential
DOIs in 2014:
2.2 Identifying days of interest The average cloud cover during daytime should
(DOIs)
be larger than 99% and the standard deviation
should be smaller than 1%.
As shortly mentioned in section 1, part of this
To ensure reliability of these observations, to
study focuses on the performance of WRF-Solar
check whether all of the Netherlands is covered
under overcast conditions, hence days of interand to gather some extra information on the
est (DOIs) need to be identified. As the focus
(synoptic) situation, additional information will
is the effect of overcast on incoming irradiance,
be used. This includes visual inspection of the
only the cloud conditions during daytime have
following:
been considered. Although GHI or DNI would
give a first estimate of the presence of these • Figures made with CloudNet Target Classification (TC; Illingworth et al. (2007)) data:
clouds, no information on the cloud fraction is
obtained, but rather whether there is a cloud in
This classification identifies nine main socalled "targets" occurring in the atmosphere
the path between the sun and the measurement
that can be distinguished by radar and lidevice. Additionally, no information on the altitude, depth and characteristics of the clouds,
dar, such as ice particles, cloud droplets and
aerosols. The vertical resolution is approxlike cloud type, is obtained. For these reasons,
this study uses other (cloud-related) variables,
imately 90 meters between 253 and 11,945
Figure 3 shows the occurrence of cloud cover
in Cabauw during 2014. This year is chosen due
to a higher observational availability than more
recent years. Each cell represents a daily averaged cloud cover and its variability (expressed
in standard deviation of the ten-minute averaged
data). Simple reasoning can explain the "arch"shape of the figure, since (nearly) clear and overcast skies have lower variability, whereas broken
cloud conditions generally have a higher variability. This figure shows that clear skies are
quite rare in the Netherlands, whereas full overcast skies with little variability are most abundant. This stresses the importance of accurate
representation of cloudy conditions in numerical models for solar applications in areas with a
climate comparable to that of the Netherlands.
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meter above mean sea level. The tempo- of the grayish color (clouds) and the absence of
ral resolution is about 16 seconds and the blue (clear sky). The synoptic map in figure 4d
dataset is complete for 98.6%.
shows the presence of an occluded front over the
Netherlands and a second one further north at 0
• Images made with the CloudNet Total Sky UTC, which suggests that the cloud type is not
Imager (TSI; Morris (2005)): Contrary to the warm-frontal, but rather related to an occluded
Nubiscope infrared imager, the Total Sky Im- front. Last, the satellite image (figure 4e) shows
ager operates in the visible spectrum, taking that the cloud deck is very large and quite homoan image every ten minutes. The images used geneous at 12 UTC. All these observations indihere are processed for clarity, depicting clear cate a day with overcast conditions during the
sky in blue and clouds in gray.
whole day, meaning this day will be considered
later on in this study. The cloud type is related
• Time-lapse videos of the air in Cabauw:
to the frontal system, but it is not warm-frontal.
These videos are available each day during
The same analysis for the other days is provided
daytime with a video frame approximately
in Appendix B.
every 15 seconds.
• Synoptic maps from Met Office: These maps
are available once a day at 0 UTC and show
fronts and isobars at 4 hPa intervals. These
maps will be used to detect whether there
is a frontal system nearby to help determine
the cloud type.

2.3

Experimental setup

Based on the latest version of the Advanced
Research WRF core of the Weather Research
and Forecasting (ARW-WRF, Skamarock et al.,
2008), version 3.9.1.1, the main model that will
be used in this research is WRF-Solar version
1.0. Initial and boundary conditions originate
from ERA-Interim reanalysis (Dee et al., 2011)
with a horizontal resolution of 0.703125◦ , or approximately 80 km over the Netherlands, which
is proven to be reliable.
This study uses two nested domains centered
around what is generally accepted as the center
of the Netherlands (Onze Lieve Vrouwetoren in
Amersfoort; 52.155◦ N, 5.387◦ E). Using a 3-to-1
parent-to-grid ratio, the two domains have horizontal resolutions of 30x30 and 10x10 km. This
resolution is deemed sufficient for the purposes
of this study and stays away from the ’terra
incognita’ whereby the reliability of the planetary boundary layer parameterization is questionable. In the vertical, 45 terrain-following η
levels will be used, of which 20 are below the
850 hPa level and the model top is set at 100
hPa. The high resolution near the surface is
necessary to capture the boundary layer dynamics under study. There are 100 grid points in
both the north-south and west-east direction for
all domains, which assures a full cover of the
Netherlands in the inner domain without having to worry about disturbances near the domain boundaries. The inner domain starts at
grid point (33,33) and is therefore located in the
center of the parent domain.
The year under study is 2014 due to observational data availability. The model will generate
365 day-ahead forecasts, which will initiate daily
at 0 UTC and run for 24 hours. By doing so, the
model is allowed a few hours of spin-up time before sunrise.
For most physical options the default parameter-

• Satellite imagery from the Meteosat Satellite
Imagery Archive: These images are available
once a day at 12 UTC and have a horizontal
resolution of about 5 kilometers. These images will be used to assure that spatial variability is limited, hence whether conditions
are similar for all observation sites.
Even though a day could have met the defined
condition, the authors may decide to disregard
a potential DOI. After this visual inspection,
five days have been disregarded as DOIs, because they either showed cloud breakup during a
part of the day or because not the whole of the
Netherlands was covered by clouds. The overcast observed during the remaining 29 days was
mainly related to a frontal system nearby (either
a warm or occluded front) and only a few clouds
could be identified as a stratocumulus.
The following presents an example of the
process of visual inspection.
The 20th of January:
Figure 4 presents an overview of the graphs and
images used for the visual inspection of this day.
The TC in figure 4a depicts a deep cloud (cloud
top 5-7km height), containing ice particles (indicated in yellow) throughout the whole cloud,
producing almost continuous precipitation (indicated in red). Inspection of this figure suggests
the presence of a warm-frontal cloud. The timelapse video, of which one frame at 9.22 UTC
is presented in figure 4b, shows a continuous
cloud deck during the whole day. The TSI images in figure 4c also indicate total overcast during the whole day, as indicated by the presence
5

izations of the WRF-Solar schemes, summarized
in table 2, are used in this study. Part of the
study focuses on the effect of unresolved cloud
representations on surface irradiance, hence the
used equations vary between the experiments as
will be discussed in more detail below. All other
options will not be adjusted, hence the schemes
shown in table 2 will be used.

the most often used radiation scheme in WRF,
because of its relatively high computational efficiency and its detailed representation of both
aerosol and cloud optical properties. Focusing
on the effect of the latter on (incoming) shortwave radiation, as described in Iacono et al.
(2008), RRTMG addresses the limitation of its
predecessor (RRTM) to simulate subgrid-scale
clouds. To get the column-integrated cloud
fraction, RRTMG makes use of the maximum2.4 Radiative transfer models
random overlap method (maximum for neighboring cloudy layers, random for layers sepaRRTMG
rated by clear air), which is believed to hold
The Rapid Radiative Transfer Model for Gen- more accurate results than the random overlap
eral circulation models (RRTMG) is arguably or maximum overlap method (Räisänen, 1997).
(a)

(b)

(c)

(d)

(e)

Figure 4: Figures and images used for visual inspection of the 20th of January 2014.(a) CloudNet Target
Classification, (b) Video frame at 9.22, (c) TSI sky scanner, (d) Synoptic map at 0 UTC (source:
http://www.wetterzentrale.de/reanalysis.php) and (e) Satellite image at 12 UTC (source:
https://weather.us/satellite/europe-africa/satellite-visible-archive.html)
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Table 2: Parameterization schemes of WRF that have been used in this research

Physics option
Microphysics
Longwave Radiation
Shortwave Radiation
Cumulus
Land Surface
Urban Surface
Planetary boundary layer
Surface layer
Unresolved cloud representation

Scheme used
Thompson
RRTMG
RRTMG
Grell-Freitas
Unified Noah land-surface model
No scheme
MYNN2
MM5 similarity scheme
varies; see experiments

Since this method is trivial under clear and overcast skies, this approach is most valuable under partially cloudy skies (Iacono & Nehrkorn,
2010).
After having calculated these detailed cloud
characteristics, RRTMG numerically solves the
Radiative Transfer (RT) equation by making use
of a two-stream RT solver introduced by Oreopoulos & Barker (1999). The general idea of
this two-stream approximation is that radiative
transfer only takes place in an upward and downward direction, hence there is no exchange with
neighboring cells and RRTMG is therefore considered a 1D scheme. Although applying this
two-stream approximation reduces the computational time, solving the RT equation for every
vertical level uses considerably computational
resources. Although RRTMG is more efficient
than other models using e.g. a sixteen-stream
model, it remains expensive to solve the RT
equation and a cheaper alternative is desirable
for solar energy applications. For more detailed
information on the RRTMG scheme, the reader
is being referred to the papers mentioned in this
section.
Despite its computational expensiveness, in
this research RRTMG is called every time step
to be able to make a fair comparison between
RRTMG and its alternative described next.

putational efficient. Surface irradiance under
cloudy conditions is calculated using variables
computed by the microphysics scheme. Assuming a single-layer cloud to be present at the
top of the atmosphere, FARMS computes cloud
transmittance and multiple reflectance between
the surface and cloud layer, which is a known
advantage of existing Radiative Transfer (RT)
models. To decrease computational expense, the
transmittance and reflectance are parameterized
instead of being computed by explicitly solving
the RT equations, as is often done in traditional
models such as RRTMG. FARMS deals with the
presence of three different hydrometeors: liquid
water, ice and snow. The contribution of hail
and graupel is neglected, since their contributions are generally very small. Inherently, when
the total concentration of liquid water, ice and
snow is zero, clear sky occurs.
The full set of equations used in FARMS can
be found in Xie et al. (2016), but the most important equations for this research are shortly
discussed below. In these calculations, superscript clr means clear-sky and cld means cloud
overcast. Subscript d indicates direct and u diffuse radiation, whereby the first character indicates incoming and the second outgoing. For
example, subscript du indicates direct incoming
and diffuse outgoing radiation, hence the generation of diffuse radiation.
The model only considers cloud transmittance when the incoming radiation is direct
(since the cloud layer is assumed to be at the top
of the atmosphere), but allows the outgoing radiation to be either direct or diffuse. The former
cld
(Tdd
) follows the Beer-Bouguer-Lambert extinction law (Liou, 2002) and is a function of the
zenith angle and the total cloud optical thickness (τ ). The cloud transmittance having diffuse outgoing radiation is calculated separately
cld
for each hydrometeor (Tdu,h
) as a function of
effective particle size (De ), cloud optical thickness of that specific hydrometeor (τh ) and solar
zenith angle, using either a ’watermodel’ (liquid
water particles) or an ’icemodel’ (ice or snow

FARMS
In an attempt to be able to call the radiation
scheme evey time step at minimal computation
expense, the Fast All-sky Radiation Model for
Solar applications (FARMS; Xie et al., 2016)
has been coupled with WRF-Solar. FARMS is
found to be over a 1000 times faster than a traditional two-stream model (like RRTMG), thereby
severely decreasing the computational expense
when calling the model every time step.
FARMS calculates clear sky irradiance variables using REST2 (Reference Evaluation of Solar Transmittance, 2 bands; Gueymard, 2008),
which is proven to be highly accurate and com7

particles). This equation also includes a scalcld
ing factor that adjusts Tdu,h
when τh is large.
The mixed-phase (or total) transmittance of diffuse radiation in the coupling with WRF-Solar
is then:
cld
cld
cld
cld
Tdu
= 1 − (1 − Tdu,w
)(1 − Tdu,i
)(1 − Tdu,s
) (1)

Under clear sky conditions (τ = 0), the direct radiation is not being influenced by clouds (hence
cld
Tdd
= 1) and diffuse radiation is not generated
cld
by clouds (Tdu
= 0).
Figure 5: Issues related to FARMS, presented for 02
Contrary to transmittance, the equations for
January 2014 in Cabauw: GHI (solid lines) and GHIcsk
cloud reflection are simple and only a func(dashed lines) of RRTMG (blue) and FARMS (red)
tion of the phase-specific cloud optical thickness
cld
(Ruu,h
= f (τh )).
attenuation. While RRTMG makes use of the
At last, the irradiance variables can be calcu- cloud fraction to account for unresolved clouds,
lated:
FARMS simply uses the resolved hydrometeor
cld
clr
clr
cld clr
mixing ratio computed by the microphysics
µ0 F0 (Tdd
(Tdd
+ Tdu
) + Tdu
Tuu )
GHI =
scheme. FARMS therefore neglects the occurclr
cld
clr
2
1 − α(Ruu + Ruu (Tuu ) )
(2) rence of unresolved clouds, causing the different
cld clr
DN I = F0 Tdd
Tdd
(3) attenuation between 12 and 13 UTC. Thirdly,
FARMS finds values for GHI that are larger than
DIF = GHI − µ0 DN I
(4) GHI , which is true for 15.84% of the time in
csk
in which µ0 is the cosine of the solar zenith an- 2014. In reality this can occur due to reflection
gle, F0 is the radiative flux at the top of the on the sides of clouds, which happens for 1.23%
during the year under study, hence this occurs
atmosphere and α is the albedo.
It should be noted that FARMS does not too often in FARMS. In addition, FARMS often
classify as a radiation scheme, because it sim- finds GHI values much larger than RRTMG, but
ply uses a bulk approach to calculate the sur- not larger than GHIcsk (Figure 4a). Since DNI
face irradiance, whereas radiation schemes cal- = 0 for FARMS (not shown), the issue here is not
culate the radiative transfer through the atmo- that FARMS "misses" the cloud, but rather that
sphere (hence per vertical level). Additionally, the diffuse irradiance is hugely overestimated.
radiation schemes solve equations for other vari- As it turns out, several issues are responsible for
ables, such as heating rates. For this reason, this behavior:
FARMS has to be used in combination with a
radiation scheme such as RRTMG. FARMS can 1. The parameterizations only hold reliable results for effective particle size (De,h ) within
then be called every timestep, whereas the raa certain range, which is 5<De <120 µm for
diation scheme is called, for instance, every 15
liquid
particles and 5<De <140 µm for frozen
timesteps, thereby considerably decreasing the
particles.
However, these limits were not imcomputational costs. As mentioned before, to
plemented
in the coupling with WRF-Solar,
allow for a fair comparison, both RRTMG and
resulting
in
unrealistic values when particle
FARMS are called every time step.
sizes out of this range are encountered. Although introducing these limits will induce
FARMS developments
biases, especially when snow particles (genFigure 5 shows an example of a typical day with
erally of a large size) are present, these errors
broken clouds, whereby the global horizontal irare rather small since absorption hardly inradiance (GHI) and the clear sky GHI (GHIcsk )
creases for particle sizes past this range (e.g.
are calculated using RRTMG and FARMS as defigure 2 in Ebert & Curry, 1992). Furtherscribed in previous sections. Three mayor difmore, it should be noted that an analogous
ferences between RRTMG and FARMS can be
approach with comparable limits is used in
observed. Firstly, the GHIcsk (dashed lines) for
RRTMG, often making use of the parameterFARMS and RRTMG differ, because they make
ization developed by Ebert & Curry (1992).
use of a different clear sky model. Analysis of
However, a correction factor is calculated
these clear sky models is, however, deemed out
for particle sizes out of this range, which
of the scope of this research. Secondly, shortly
is not done in FARMS. For now, the limits
after 12 UTC FARMS finds clear sky values
mentioned are introduced to the coupling of
for GHI, while RRTMG shows a much larger
FARMS with WRF-Solar.
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2. The parameterization is not suited for very
high zenith angles (Zenith > 89.51 ◦ for
liquid water clouds and Zenith > 89.33 ◦
for frozen clouds), hence near sunrise and
sunset the model gives erroneous results
(GHI>GHIcsk ). These limits have been applied in the coupling of FARMS with WRFSolar. Since irradiance is very low during
these instances, the induced error is negligible.

In the performance analysis done by Xie
et al. (2016), it was found that the bias
can indeed be large under large zenith angle, but especially when the cloud optical
thickness is large. This is contrary to the
findings of this research. A possible explanation could be that Xie et al. (2016) compared
the model results with a sixteen-stream RT
model, whereas this research has used observational data. This issue also occurs when
a mixed phase cloud is present whereby one
of the hydrometeors has this small τ . Since
this issue only occurs when τ < 1.0 and to
be analogous with the limits used for the
lookup tables of reflectance (which is τ =
1.0), this limit has been added in the coupling of FARMS with WRF-Solar. When a
smaller value occurs, τ is set to zero thereby
treating it as if it were clear sky. On average
this will introduce a 1.3 W/m2 bias.

3. The parameterization only holds reliable results for a cloud optical depth smaller than
300, which had not been included in the coupling of FARMS with WRF-Solar. Though
this limit effectively lowers the cloud optical depth of extreme thick clouds, the effect
on surface irradiance is limited. On the one
hand these events are very rare, on the other
hand the surface irradiance is very low when
clouds with these depths are encountered.

5. FARMS is a model developed for singlephase clouds and it appears to have problems with mixed-phase clouds. This is evident from figure 7, whereby GHIF ARM S is
much larger than GHIRRT M G for a large part
of the day (figure 7a). The large attenuation shown by RRTMG can be explained
by the high cloud optical thickness of liquid
water particles (τwater in figure 7b). However, there is a small contribution of ice and
cld
snow hydrometeors, causing a large Tdu
and
subsequently large GHIF ARM S . From figure 7c it becomes clear that τsnow between
one and three causes problems. When τsnow
drops below one (around 9.15 and after 13
UTC), FARMS approaches RRTMG because
of the introduced limit discussed above, but
when τsnow is larger than one the GHI is
severely overestimated. Reason for this finding that FARMS shows large biases when a
mixed-phase cloud is present, is the inaccurate equation used to combine the transmittances in Equation 1, which results in an
excessive mixed-phase cloud transmittance.
This equation has been replaced by the following simple equation:

4. When the cloud optical thickness is small,
the parameterization of cloud transmittance
becomes unreliable, resulting in inaccurate GHI values (potentially larger than
GHIcsk ). This becomes clear from figure 6,
cld
in which a Tdt
> 1.0 indicates an unphysical
cloud transmittance (the transmittance under cloudy conditions would be larger than
under clear sky conditions). This shows
that under decreasing cloud optical thickness, the transmittance does not converge
cld
with clear sky values (whereby Tdt
= 1)
as might be expected. This figure shows
that this issue is more abundant when the
particle size is large (solid versus dashed
lines), the solar zenith angle is large (small
µ0 ) and cloud optical thickness is low.

cld
cld
cld cld
Tdu
= Tdu,w
Tdu,i
Tdu,s

(5)

Applying these changes improves the quality
of the FARMS output. Where in the original
model instances of GHI>GHIcsk occur 15.84%
of the time, in the new version these does not occur anymore. However, since FARMS does not
account for unresolved clouds, it has only been
included in the analysis of the experiments not
accounting for unresolved clouds (section 3.1),

cld
cld
Figure 6: FARMS parameterization of Tdt
= Tdd
+
cld
Tdu
for De = 140 µm (solid lines) and De = 5 µm
(dashed lines).
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(a)

clouds, by not only passing the resolved, but also
the unresolved hydrometeor mixing ratio from
the microphysics scheme to the model.

2.5

Unresolved cloud representation

Mixing ratio based
Default in WRF-Solar to calculate the horizontal cloud fraction (HCF) is the method proposed
by Xu & Randall (1996), making use of mixing
ratios for liquid water (qc ), ice (qi ) and snow
(qs ) provided by the microphysics (mp ) scheme
and therefore only including resolved clouds. In
this method, the HCF is a function of relative humidity (RH), cloud water mixing ratio
(qcld = qc + qi + qs ) and the saturation water
vapor mixing ratio (qvs ):


−α0 qcld
]
HCFmp = RH p [1 − exp
[(1 − RH)qvs ]γ
(6)
in which p, α0 and γ are constants determined
by statistical regression of simulated values, independent of altitude. To account for unresolved
clouds, a second HCF is calculated by the planetary boundary layer scheme (MYNN in this
study) again using equation 6, but with variables calculated by the boundary layer scheme
(using a mass flux approach) instead of the microphysics scheme. The total hydrometeor mixing ratio is then a function of the maximum
HCF, the resolved mixing ratio from the microphysics scheme and the unresolved mixing ratio from the boundary layer scheme (e.g. qc =
f (qcmp , qcpbl , max(HCFmp , HCFpbl ))). For the
purpose of this research this method will be
named the ’pbl-based’ representation.

(b)

(c)

(c)
Figure 7: Typical example (January 25th 2014) of issues with FARMS under mixed-phase clouds. (a) GHI
and GHIcsk for RRTMG (blue) and FARMS (red),
(b) Cloud Optical Thickness per hydrometeor and (c)
Cloud Optical Thickness per hydrometeor zoomed in to
low values

Relative Humidity based

An alternative to the pbl-based method for unresolved cloud representation was added in the
release of WRFV3.7. This option is based on
the work done by Sundqvist et al. (1989), who
In short, by including several limits, such presented a parameterization of horizontal cloud
as neglecting a cloud optical thickness smaller fraction as a function of relative humidity only,
than one, and using a new equation to com- which in its simplest form can be presented as:
bine transmittances in a mixed-phase clouds, the

0.5
reliability of FARMS coupled with WRF-Solar
RHs − RH
(7)
HCF = 1 −
largely increases. Future work should include a
RHs − RH00
parameterization when τ is small (<1.0), or at
cld
least a scaling factor that adjusts Tdu
when τ is in which RHs is the saturated RH (= 1.0) and
small as is done for large values of τ . Addition- RH00 a threshold value necessary for condenally, a parameterization or a correction factor sation to occur, which depends on the surface
for De values larger than 120 (liquid water) or (land or sea) and grid size. In order for unre140 (frozen water) µm should be included. Last, solved clouds to occur, RH should be between
FARMS should be able to account for unresolved RH00 and unity. This simple parameterization is
but not in the experiments evaluating the unresolved cloud representations (3.2).
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found to give reliable results (e.g. Mocko & Cotton, 1995). The mixing ratio of the unresolved
clouds is calculated using an adiabatic cloud (ac )
model. The total hydrometeor mixing ratio is
then calculated as a function of the resolved mixing ratio calculated by the microphysics scheme,
the HCF and this unresolved cloud mixing ratio
(e.g. qc = f (qcmp , qcac , HCF )). For the purpose of this research, this method will be named
the ’RH-based’ representation.

ulations, but allows for a fair comparison between FARMS and RRTMG. Focus of this section is therefore not the magnitude of the bias,
but rather the performance of old (original) and
new (revised) FARMS relative to the RRTMG.
Yearly averaged biases

Figure 8 shows the yearly averaged MBE and
MAE related to the new developments in
the coupled version of FARMS with WRFSolar, whereby RRTMG acts as a refer3 Results and Discussion
ence. Only the one-minute observations at
Cabauw are used here, since DNI and DIF
3.1 Radiative Transfer models
are only available at this location.
The
In this section, unresolved clouds are not taken exact values of MBE and MAE, as well
into account. This might result in an overes- as the root mean square error (RMSE),
timation of the surface irradiance for all sim- the centered pattern RMS difference (E’)
(a)

(b)

Figure 8: (a) The yearly averaged MBE and MAE of GHI, DNI and DIF. (b) The yearly averaged MBE and
MAE of GHI per sky condition
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and the correlation coefficient (R) are found in
the tables in appendix A. Additionally, these
tables show the statistics when including tenminute averaged GHI observations from all locations, showing that Cabauw is deemed representative for the whole of the Netherlands. Figure 8a shows the following results related to the
irradiance components:
1. GHI is overestimated in all simulations (positive MBE), which is arguably due to neglecting the unresolved clouds. This suggests that
at the used spatial resolution (=10km), one
needs to account for unresolved clouds to produce accurate results, as corresponds to e.g.
Alapaty et al. (2012) and Berg et al. (2013).
2. When introducing the developments discussed, the MBE for FARMS decreases with
about 68% (from 82.51 to 26.04 W/m2 )
and the MAE with 23% (from 133.62 to
102.71 W/m2 ). The MBE and MAE for
new FARMS are very comparable to those of
RRTMG (28.14 and 101.88 W/m2 ), suggesting that with these developments FARMS becomes very competitive.
3. For all experiments, the MAE is significantly
larger than the MBE. This suggests that the
systematic bias is smaller than the error induced by phase differences (the "timing").
This is strengthened by the findings for E’
discussed in Appendix A.
4. Although new FARMS shows a lower GHI
bias compared to old FARMS, its partitions
(DNI and DIF) do not show the same result. DNI shows a larger bias, which can
be explained by the introduced limit for the
cloud optical thickness: very thin clouds
(COT smaller than 1) are treated as clear
sky, thereby effectively increasing the DNI.
Arguably, this limit should not be used in
direct irradiance calculations. However, this
would introduce an inconsistency since GHI
and DNI would not be calculated using the
same cloud properties. For this reason, the
proposed limit is kept in the calculations.
Furthermore, DIF shows a smaller MAE, but
a larger MBE that has also switched sign
compared to old FARMS. This is a direct
result of the decreased simulated value for
GHI and increased value for DNI, because of
the relation described in Equation 4. These
biases are significantly larger than those for
RRTMG, which has a bias of 47.44 W/m2 for
DNI and 3.30 W/m2 for DIF.

MBE and MAE for GHI for all sky conditions.
Here "clear" sky occurs when no particles are
present, "liquid" is defined as an atmosphere in
which only liquid water particles are present,
"frozen" when ice and/or snow is present and
"mixed" when both liquid and frozen particles
are present. It should be noted that categorizing
the instances in one of these groups is based on
model output and thus not necessarily true for
the observations. However, the order of magnitude is expected to be similar and the presented results are therefore still deemed valuable. Again, a complete table can be found in
appendix A. One can learn the following from
these results:
1. The bias for clear sky is far larger than
one would expect from Jimenez et al. (e.g.
2016b), indicating that clear sky in the model
does often not correspond to clear sky in the
observations. Indicated by a positive MBE,
it indeed seems that the model finds clear sky
when this is in reality not true. This supports
the suggestion that there is a "timing" issue.
2. In all experiments, the GHI under liquid water clouds is on average underestimated (negative MBE), while GHI under frozen water
clouds gets overestimated (positive MBE).
As a consequence, the GHI under mixedphase clouds is generally overestimated in
RRTMG, since the contribution of liquid water particles is generally smaller than that of
frozen water particles. This suggests that on
average the cloud optical depth of liquid water clouds is overestimated and that of frozen
water clouds underestimated.
3. The biases of liquid water clouds are similar for old and new FARMS, but decrease
slightly for frozen water and largely for
mixed phase clouds. This corresponds to
the aforementioned findings that old FARMS
often finds unrealistic values for thin, high
(frozen) clouds and mixed-phase clouds. New
FARMS has biases comparable to RRTMG
for all sky conditions.
Annual and diurnal cycles

Figure 9 shows observed GHI (a) and its bias
in the experiments (b-d) related to the diurnal
cycle and seasonal cycle. The observed GHI is
shown to study the magnitude of the bias relative to the magnitude of the observations. For all
experiments, the biases are on average large during summer and in the middle of the day, when
In order to gain a deeper understanding of the the magnitude of (observed) GHI is largest.
reasons why RRTMG and FARMS show the bi- Since e.g. FARMS works with a fractional transases shown in Figure 8a, Figure 8b shows the mittance (e.g. Tcld
du = 0.7), when GHI is larger
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(a) GHI
the magnitude of the bias will also be larger if
the computed transmittance is inaccurate. Similar argumentation is true for the RRTMG experiment. Surprising is that the bias in June and
September is smaller than in the surrounding
months, which can be explained by the fact that
more (near) clear sky days have been observed
during these months (not shown here), which
would correspond to the findings presented in
Figure 11. These findings are, however, contrary
to the findings presented by Lara-Fanego et al.
(2012), who found the MBE to be smaller during summer. It should however be noted that
large differences between the studies exist, such
as the studied area (southern Spain versus the
Netherlands) and the used shortwave radiation
scheme (Dudhia versus RRTMG/FARMS). Furthermore, the bias near sunset is negative, indicating an underestimation of GHI when the simulated time increases. One possible explanation
is that the cloud optical thickness gets overestimated as the simulation progresses, as is shortly
discussed in Figure 20. The bias is comparable for RRTMG and new FARMS, but larger
for old FARMS, corresponding to the findings
discussed in Figure 8a. Additionally, the bias
for old FARMS is larger especially during winter
months, because of lower temperatures and consequently a higher abundance of frozen hydrometeors and mixed-phase clouds, corresponding to
Figure 8b.

(b) MBE

(c) MBE

Figure 10 shows boxplots of the monthly averaged observed GHI (Figure 10a), MBE (10b)
and MAE (10c) for the three experiments per
month, in which the size of the boxes and
whiskers indicates the spatial variability of the
monthly averages over all locations. Corresponding to Figures 8a and 9, the MBE is
comparable for RRTMG and new FARMS, but
larger for old FARMS. Additionally, the bias
is again observed to be smaller in June and
September and the difference between old and
new FARMS is largest during winter months.
The spatial variability (size of the boxes) is for
all simulations larger during summer and is comparable for RRTMG and new FARMS for most
months, but generally larger for old FARMS.
The MAE shows a somewhat comparable figure, whereas old FARMS shows larger bias and
larger spread than the rest and the spread is
larger during summer. It is not surprising that
the median bias is larger during summer months
for the fractional transmittance argument. However, relative to the magnitude of observed GHI,
one can see that during winter months the MBE
and MAE approach the magnitude of the GHI
(especially true for old FARMS), whereas during
summer months the relative bias is smaller.

(d) MBE

Figure 9: Observed GHI (a) and bias (b-d) as a function of the diurnal (x-axis) and seasonal (y-axis) cycle
for the simulation using RRTMG (b), old FARMS (c)
and new FARMS (d)
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(a) GHI

(b) MBE

(c) MAE

Figure 10: Observed GHI (a) and its MBE (b) and MAE (c) over all locations as a function of the month of
the year. The size of the boxes and whiskers indicate the spread within the month.
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(a) GHI

Cloud cover
Figure 11a shows the average GHI observed
at Cabauw as a function of daily mean cloud
cover and standard deviation, whereby each
’cell’ should contain at least two days. As one
would expect, the GHI generally increases with
decreasing cloud cover. The reason for a lower
value in for instance the "cell" in the bottom
left, is because these days generally occur during
winter months. This figure is again presented
to study the relative magnitude of the MAE
shown in Figures 11b-d. Figure 11b shows that
RRTMG generally has a larger bias when the
standard deviation is higher and the mean cloud
cover is moderate (50-80%) and is quite accurate when the mean cloud cover is low (<20%).
This corresponds to the findings in Figure 8a, in
which the "timing" of broken clouds appeared
to be an issue. Additionally, this corresponds to
the findings by Lorenz et al. (2009) and Mathiesen & Kleissl (2011), who both found the GHI
bias to be largest under moderately cloudy conditions. Old FARMS clearly shows a larger bias
towards higher clouds cover, which can again be
explained by the partitioning of a small cloud optical depth of one of the hydrometeors and the
presence of mixed phase clouds. New FARMS
shows a trend very similar to RRTMG, as could
have been expected from the previous results.
Compared to the observed GHI, it becomes clear
that under near overcast conditions the GHI and
MAE (for RRTMG and new FARMS) are in the
same order of magnitude, whereas near clear sky
values clearly show a smaller relative error.

(b) MAE

(c) MAE

Spatial
The spatial plots shown in Figure 12 show the
(d) MAE
yearly averaged observed GHI (a) and bias (b-d)
over the Netherlands. The color bars are centered around the spatial average, which is the
MBE shown in Figure 8a for figures b-d. In
other words, the white area in the figure corresponds to this spatial average. Where the
observed GHI clearly shows a West-East trend
(more cloud formation further land inward), the
bias for all simulation shows a clear NortheastSouthwest trend. Apart from the fact that the
bias is larger for old FARMS, the spatial trend is
very similar for all three experiments. It therefore seems that all experiments react in the same Figure 11: (a) Observed GHI and its MAE per simulation for (b) RRTMG,
way to a given set of cloud properties, apart from (c) old FARMS and (d) new FARMS as a function of mean and standard
of observed cloud cover. The colors and numbers in the cells
a systematic (mean) bias. Different arguments deviation
both indicate the average GHI/MAE in that cell.
could explain this spatial trend, such as the fact
that there are some small hills in the center of
the Netherlands. These small hills are the cause are generally more, deeper clouds there. As
for more precipitation in this area than in the found in Figure 11, the bias generally inrest of the country (KNMI, 2011), hence there creases with cloud cover. Another possibility
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(a) GHI

to simulate due to its lower complexity than a
boundary layer over land. One would, however,
then also expect a smaller bias in the Southwest, which is not found. Unfortunately, there
is not enough data available to find a definite
explanation for this finding. One last thing to
note is that the Cabauw station is situated well
in the "white" area, hence it is comparable to
the spatial mean.
In short, the developments made to FARMS
result in an accuracy of GHI predictions very
comparable to that of RRTMG, making FARMS
a very competitive radiation model. There is a
systematic overestimation of GHI, possibly due
to ignoring unresolved clouds, and especially the
DNI estimates are inaccurate which is not desirable for solar energy applications. Additionally, phase or amplitude differences are generally
larger than the systematic bias. The GHI bias
is on average negative under liquid water clouds
and positive under frozen water clouds. Because
old FARMS shows problems when mixed-phase
clouds are present, the bias in this experiment is
generally larger when the daily averaged cloud
cover is large. For RRTMG and new FARMS,
the bias is largest when the cloud cover is between 50-80% due to high variability. The bias
is larger during summer months when GHI is
largest. Old FARMS shows large biases during
winter when mixed phase clouds are more abundant due to lower temperatures. The spatial bias
suggests that the experiments behave similarly
to the presence of a particular cloud, apart from
a systematic bias.

(b) MBE

(c) MBE

3.2

Unresolved Clouds

In this section, two unresolved cloud representation alternatives will be evaluated: the pblbased and the RH-based method discussed in
section 2.5. As mentioned before, FARMS does
not account for unresolved clouds and for this
reason FARMS will not be discussed in this section. The radiation scheme used for both simulations is RRTMG. As a reference to what accuracy is gained by including the unresolved cloud
representations, the results of the RRTMG experiment discussed in section 3.1 are added under the name ’no unres’ method.

(d) MBE

Yearly averaged biases

Figure 12: Spatial variability of the yearly averaged
observed GHI (a) and its bias per simulation for (a)
RRTMG, (b) original FARMS and (c) revised FARMS.
The spatial average is indicated in white.

Figure 13 shows the MBE and MAE related to
using either of the unresolved cloud representations. As before, the observations used are
is that in the North of the Netherlands, the solely the one-minute averages in Cabauw and
boundary layer is more closely related to a ma- the complete tables can be found in Appendix
rine boundary layer which is easier for WRF A. Figure 13a shows the following results:
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(a)

(b)

Figure 13: Same as Figure 8, but for the unresolved cloud representation experiments

1. The MBE significantly reduces (89%) when
accounting for unresolved clouds, corresponding to e.g. Alapaty et al. (2012); Berg
et al. (2013). Where the "no unres" experiment systematically overestimates the GHI
(MBE = 28.14 W/m2 ) due to the absence of
unresolved clouds, the pbl-based method is
centered more around the observational values, only slightly overestimating the GHI on
average (MBE = 2.99 W/m2 ). This is not
in agreement with the systematic overestimation of GHI in NWP models as discussed in
e.g. Mathiesen & Kleissl (2011). However,
the MAE shows only a slight decrease (6%,
from 101.88 to 96.13 W/m2 ), hence including unresolved clouds means that the model’s
GHI is centered around the observations, but
not necessarily improves the precision of the
simulations because of "timing" differences.
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2. The MBE for the RH-based method is quite
large and has a negative sign (-82.89 W/m2 ),
hence the GHI is systematically underestimated. This is a consequence of a systematic
overestimation of the unresolved cloud optical thickness. A possible explanation is that
the used RH threshold value for condensation to take place used in equation 7, is not
correct for this simulation with the used spatial resolution over the Netherlands. Hong
et al. (1998) mentioned that this method is
likely to overestimate the cloudiness in the
upper troposphere, since the RH00 parameterization is calibrated using the vapor saturation pressure of liquid water. This argues
with the fact that the used threshold value is
inaccurate.

3. The MAE for GHI is smaller when using the
pbl-based compared to RH-based method,
hence the pbl-based method gives on average more accurate results. The MAE of the
RH-based method is even larger than those
found by the "no unres" experiment.

Annual and diurnal cycles

Figure 14 is similar to Figure 9, but for the unresolved cloud representation experiments. The
bias shows a pattern comparable to the unresolved experiments, whereby the bias is larger
during the middle of the day and during summer months for the fractional transmittance ar4. Both methods severely underestimate the gument. The RH-based (Figure 14c) experDNI, indicating that the effect of unresolved iment shows an underestimation of the GHI,
clouds on direct radiation is overestimated hence an overestimation of the (unresolved)
by both representations. In the pbl-based cloud optical thickness, corresponding to Figure
method, this is compensated by an overes- 13. Whereas the pbl-based method again shows
timated DIF, but this is not true for the RH- a smaller bias during June and September due to
based experiment.
(a) MBE
As before, to gain a deeper understanding of
the findings presented in Figure 13a, Figure 13b
shows the same statistical measures for GHI distinguishing four sky conditions. Again, to make
this categorization, the model output is used and
does not necessarily correspond to the observations. Additionally, the mixing ratio used only
includes the mixing ratio for the resolved clouds,
hence when there is, for instance, a resolved liquid water cloud with an unresolved frozen cloud
in the same column, it is still considered a liquid
water cloud. However, the order of magnitude is
expected to be similar and the presented results
are therefore still deemed valuable. The figure
shows the following results:
1. Accounting for unresolved clouds (pbl-based
versus "no unres" experiment), mainly shows
a decreasing bias for frozen clouds. This
can be explained by the occurrence of small,
thin cirrus clouds which are accounted for
in the pbl-based experiment. Corresponding to the "no unres" experiment, the pblbased method underestimates GHI under liquid water clouds and overestimates GHI under frozen water clouds.
2. The MBE of the RH-based methods shows
negative biases under all sky conditions, but
the underestimation is largest under liquid
water clouds. The differences in MBE between liquid, frozen and mixed-phase clouds
are similar for the RH-based and the pblbased method, hence both methods respond
comparably to these conditions apart from
a systematic bias in the RH-based method.
This strengthens the suggestion that the RH
threshold value used in this simulation is incorrect. The MAE of the RH-based experiment is larger under all sky conditions than
when using the pbl-based method, which corresponds to the findings in Figure 13a.
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(b) MBE

(c) MBE

Figure 14: Same as Figure 9, but for the unresolved cloud representations experiments: (a) The "no unres", (b) pbl-based
and (c) RH-based method.

lower average cloud cover during these months,
the RH-based method does not show the same
thing. As shown in Figure 16, this method shows
larger biases under near clear sky conditions, explaining the higher bias during these months.
The pbl-based method generally shows a positive bias during morning hours, until about 12
UTC, after which it clearly shows a negative
bias. This suggests that during morning hours,
the cloud optical depth is underestimated and
as the simulation progresses, the cloud optical
depth is overestimated. This was also true for
the "no unres" experiment (Figure 16a), but the
transition from over- to underestimation happens earlier in the day when accounting for unresolved clouds. One possible explanation might
be that during the end of the day, the contribu-

tion of unresolved clouds is overestimated. Additionally, the pbl-based method shows that during some months (especially September and October), the bias is negative.
Figure 15 is similar to Figure 10, but for
the experiments focusing on the representation
of unresolved clouds. Corresponding to Figures
13a and 14, the MBE shows a systematic negative bias for the RH-based method, whereby
both the median bias and the spread of the bias
are larger during spring and summer. Arguably,
this is due to a higher occurrence of boundary
layer clouds (such as shallow cumulus), which
are overestimated in the RH-based method, during these months. Additionally, cirrus clouds occur more during spring and summer (Boucher,
1999) and as mentioned in Hong et al. (1998),

(a) MBE

(b) MAE

Figure 15: Same as Figure 10, but for the unresolved cloud representation experiments.
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(a) MAE

MAE shows a clear seasonal trend for all simulations, whereby the pbl-based method generally shows the smallest bias and the RH-based
method the largest, although the differences are
rather small. Again, the spread is larger during
summer months. These findings again indicate
that the absolute accuracy is quite comparable
for all experiments, but the pbl-based experiment is more centered around the observational
value, whereas the "no unres" experiment is positively and the RH-based experiment negatively
biased.

(b) MAE

Cloud cover
Figure 16 is similar to Figure 11, but for the unresolved cloud representation experiments. The
pbl-based method shows larger biases under
moderate cloud cover conditions, as again corresponding to Lorenz et al. (2009) and Mathiesen & Kleissl (2011), whereas the biases are
slightly smaller than in the "no unres" experiment. As corresponds to the previously discussed findings, the biases for the RH-based experiment are on average larger than for the pblbased experiment. Although this is true for
almost all sky conditions, especially when the
mean cloud cover is very low (<20%) this might
be unexpected. Where the pbl-based method
finds that the MAE is smallest under (near) clear
sky, the RH-based experiment still finds quite
large biases. Evidently, even under near clear
sky conditions, the RH-based method severely
overestimates the cloud optical depth. This finding strengthens the suggestion that the used RH
threshold value for condensation to take place is
too low, hence too many unresolved clouds are
generated.

(c) MAE

Figure 16: Same as Figure 11, but for the unresolved cloud representation experiments: (a) The "no unres" experiment, (b) pbl-based and (c)
RH-based method.

the cloudiness in the upper troposphere is generally overestimated because of the calibration
based on liquid water content. Compared to
"no unres", the pbl-based experiment shows a
smaller bias during most of the year. Whereas
for the resolved experiment the median bias was
always positive, the pbl-based method shows
some negative median MBE values as well, hence
this method shows results more centered around
the observed GHI. Especially during spring and
summer months the pbl-based method shows
lower biases than the "no unres" experiments,
again due to the higher abundance of boundary layer clouds. Especially these clouds are accounted for in the pbl-based method by using
the mixing ratio for boundary layer clouds. The
20

Spatial
Figure 17 is similar to Figure 12, but for the unresolved cloud representation experiments. The
spatial average is again the MBE shown in Figure 13a, indicated in white. The pbl-based experiment shows a spatial trend comparable to
the one found in the "no unres" experiment:
there seems to be a clear northwest-southeast
gradient. The RH-based experiment also shows
a comparable trend, apart from higher values
near the coast. This corresponds to the trend
visible in the observations (Figure 12a), whereby
GHI is generally larger near the coast due to
lower cloud cover. Although it is very promising that the RH-based experiment captures
this phenomenon whereas the pbl-based experiment does not, this effect seems to be overestimated. It should be noted that since the spatial
mean bias for the RH-experiment is negative, a

(a) MBE

tion 7, which is especially strengthened by the
large (negative) biases under near clear sky conditions. Both experiments again show a negative
GHI bias under liquid water clouds and a positive GHI bias under frozen water clouds. Both
methods show a similar diurnal trend (taking
out the systematic bias), whereby the GHI bias
is positive during morning hours and negative at
the end of the day, indicating an underestimated
cloud optical depth near sunrise and an overestimation near sunset. Spatially there is again a
clear Northwest-Southeast trend, whereby values relative to the spatially averaged bias are
higher in the Southeast.

(b) MBE

3.3

Overcast days

As mentioned in the introduction, this study
takes a special interest in overcast days. Using
the method extensively described in section 2.2,
this analysis takes a total of 29 full overcast days
into account. These days are more abundant
during the winter season, generally as a result
of the presence of a frontal system. Since one
might argue that explicitly solving unresolved
clouds is unnecessary on days when the cloud
optical thickness is high, for completeness the
"no unres" and "new FARMS" experiments are
included in the analysis.

(c) MBE

Averaged biases
Figure 18 shows the MBE and MAE averaged
over these selected overcast days. Since under
overcast conditions, the DNI is (near) zero, GHI
is approximately equal to DIF. For this reason,
only the statistical measures for GHI are shown.
Again, Appendix A shows a table with the values for both Cabauw and all locations, as well
as other statistical measures. This figure shows
the following:

Figure 17: Same as Figure 12, but for the icloud
experiments: (a) The "no unres", (b) pbl-based
and (c) RH-based experiment.

positive bias relative to the spatial mean actually indicates a smaller bias relative to the
observations.
In short, accounting for unresolved clouds
(pbl-based experiment versus "no unres" experiment) does not necessarily largely reduce the
absolute error, but it results in simulated values
more centered around the observed value. The
systematic bias is therefore smaller, but the timing is inaccurate. The RH-based method however, severely overestimates the effect of unresolved clouds on the surface irradiance, consequently giving a large underestimation (negative
bias) in GHI predictions. Arguably, this is due
to an incorrect threshold value used in Equa21

1. Accounting for unresolved clouds significantly reduces the bias by 37% from 39.04
(no unres) to 24.60 W/m2 (pbl-based). Although from an observer’s point of view the
total cloud cover is (close to) a 100%, near
the edges in the vertical there will be grid
cells not fully covered by clouds. These will
then be treated as clear sky by the unresolved
experiment, even though they will contribute
to the total attenuation. The MAE shows
a slightly smaller reduction (22% from 60.13
to 47.15 W/m2) indicating a higher accuracy
but remaining large phase differences when
accounting for unresolved clouds.
2. The pbl-based method overestimates the
GHI (positive MBE, underestimated cloud
optical thickness), while the RH-based

median observed GHI is about 90 W/m2 with
a spread between 50 and 150 W/m2 . Most experiments however show a larger median and a
very high spatial variability, up to values over
250 W/m2 . These large overestimations during summer largely influence the statistics presented in Figure 18, therefore showing a positive mean bias for most experiments. The RHbased method shows a median GHI more comparable to the observations during these summer
months, but also large spatial variability.
Figure 18: MBE and MAE for GHI averaged over all 29
overcast days

Vertical water content profiles
method gives an underestimation (negative
MBE, overestimated cloud optical thickness).
This corresponds to the findings presented in
section 3.2.
3 FARMS shows a very low MBE and a MAE
comparable to the pbl-based method. This
corresponds to the low bias found in Figure
13b for mixed-phase clouds, which are by far
the most abundant during the overcast days
studied.
Figure 19 shows the observed and modeled daily
averaged GHI for each overcast day, whereby the
size of the box is the spatial variability. This
figure clearly shows that for most of the overcast days, the observed GHI is actually larger
than the GHI modeled by any of the experiments, which is especially true for the overcast
days during winter. However, during summer
months the observed GHI is larger and so is the
spread, but this has been severely overestimated
by the experiments. For instance, on day 12 the

In order to study the findings of Figure 18 in
more detail, this section focuses on the vertical liquid water content (LWC) and ice water
content (IWC) profiles in Cabauw. It should
be noted that the observations do not distinguish between ice, snow and graupel, but rather
treat them together as frozen water. Figure 20
shows the vertical cross section of the observed
and modeled LWC and IWC, displayed as the
median of non-zero values over 29 DOIs. Since
the model only shows the resolved water content
in the output, the vertical profiles of all experiments are very similar and only one is shown
here. The actual water content of the experiments accounting for unresolved clouds is therefore expected to be higher.
The LWC generally occurs close to the surface till a height of 3,000m above MSL in the
observations and 4,000m in the model. Since
the order of magnitude is the same, this might
explain why we see GHI underestimated under
liquid water clouds in e.g. Figure 8b. Additionally, especially near the end of the day

Figure 19: Daily averaged GHI for all 29 overcast days, where the boxes indicate the spatial variability
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(a) LWC observations

(b) LWC model

(c) IWC observations

(d) IWC model

Figure 20: Vertical cross section of the median LWC (a,b) and IWC (c,d) at Cabauw for the observations (a,c) and the
model (b,d) during DOIs.

the observations show a relatively small band of
LWC with a magnitude of 10−4 , whereby this
band is larger in the model output, which might
explain the negative GHI bias near the end of
the day observed in for instance Figure 9.

day. Arguably this explains the systematic overestimation of GHI found in for instance Figures
8b and 13b, but it is questionable whether something similar happens during the rest of year.

Compared to LWC, IWC can occur way further up into the atmosphere, till about 11,000m
above MSL in the observations. The model finds
a low IWC even higher up in the atmosphere,
which is not found in the observations, due to a
lower sensitivity of the equipment at an altitude
higher than approximately 10km. The median
IWC (in the order of 10−5 kg/m3 ) is smaller
than the median LWC (10−4 kg/m3 ), but can
have higher values locally. The model generally captures the magnitude of the IWC very
well, but several issues are present. Firstly, the
model shows a clear spin-up problem, whereby
first IWC is zero after which high values near the
surface are found up to 10 UTC, which does not
recur in the observations. This has a relatively
low influence, since GHI is small during these
morning hours. Secondly, the model is not able
to capture the locally high IWC after 15 UTC.
Lastly, the model finds lower values of IWC at
higher altitude (> 6000m), especially later in the
23

In short, even under overcast conditions
when the cloud optical depth is generally very
large, it is important to include the representation of unresolved clouds. From this analysis,
either of the presented methods will suffice since
the biases are very comparable. The largest difference is that the pbl-based method generally
overestimates the GHI, whereby the RH-based
method gives an underestimation. The DNI during these days is very small, hence the contribution of DIF to the GHI is very large. The GHI
under overcast conditions is generally underestimated during winter and overestimated during
summer months. The vertical cross sections of
LWC show that the LWP (and consequently the
liquid water cloud optical depth) is on average
overestimated, which corresponds to the findings discussed in Figures 8b and 13b. The IWP
(during daytime) is on average underestimated
because it underestimates the water content at
high altitudes and fails to capture locally high
values.

4

Conclusions & Recommendations

This study has assessed the performance of
the Fast All-sky Radiation Model for Solar applications (FARMS) coupled with WRFSolar against an often used two-stream model
(RRTMG). Additionally, two unresolved cloud
representations have been tested to evaluate the
added value of accounting for the radiative effects of unresolved clouds. The year under study
is 2014 and data from 31 observational sites have
been used in the performance assessment.
Several developments have been made in the
version of FARMS coupled with WRF-Solar, including limits for the solar zenith angle, the effective particle size and the cloud optical thickness of liquid water, ice and snow hydrometeors. Additionally, a new equation has been introduced to compute the transmittance of diffuse
radiation in mixed-phase clouds. These developments significantly reduce the bias by about 68%
from 82.51 to 26.04 W/m2 for GHI predictions,
approaching the bias of RRTMG (28.14 W/m2 ),
indicating that with these developments FARMS
becomes very competitive. Furthermore, the absolute bias shows a smaller decrease of about
23% (from 133.62 to 102.71 W/m2 , RRTMG being 101.88 W/m2 ), indicating that the accuracy
(systematic bias) has improved more than the
precision (phase and amplitude differences). Because of the introduced developments, the bias
for DNI predictions increases and is considerably
larger than for RRTMG (210.56 versus 48.29),
which might be an issue if this model will be
used in the solar energy industry. Both FARMS
and RRTMG show a negative bias under liquid
water clouds and a positive bias under frozen
water clouds, arguably due to an overestimated
liquid water cloud optical depth and an underestimated frozen water cloud optical depth.
As found in other studies (Lorenz et al., 2009;
Mathiesen & Kleissl, 2011), the bias is found to
be larger under broken cloudy conditions, when
the mean cloud cover is moderate and the variability high. The bias is larger during summer
months, positive during morning hours and negative near sunset. Both models show similar
results for the spatial anomaly (being negative
in the northwest and positive in the southeast),
again indicating that the main issue is a systematic bias.
The comparison of FARMS with RRTMG
did not include unresolved clouds, since FARMS
only takes cloud properties from resolved clouds
into account. Both experiments show a systematic overestimation of GHI, indicating that unresolved clouds should be accounted for when run24

ning at a 10km spatial resolution. For this reason, this study has also included a performance
assessment of two unresolved cloud representations: a widely used method using cloud variables calculated by a planetary boundary layer
scheme (pbl-based method) and a new method
based on relative humidity (RH-based method).
Where the pbl-based method largely reduces the
bias by about 89% (from 28.14 to 2.99 W/m2 ),
the mean absolute error reduces only by 6%
(from 101.88 to 96.13 W/m2 ). This indicates
that when accounting for unresolved clouds the
model results are centered more around the observations, but the "timing" is incorrect. The
RH-based method shows a large negative bias
for GHI (-82.89 W/m2 ), indicating a severe overestimation of the effect of unresolved clouds on
the surface irradiance. Strengthened by the finding that this method also shows large negative
biases under near clear sky conditions, this is
possibly due to the use of an inaccurate threshold value for condensation to take place in equation 7. This threshold is a function of the spatial resolution and surface characteristics and is
calibrated using parameters based on liquid water and might be inaccurate when ice or snow
is present. Both methods shows a negative bias
for DNI, indicating that the effect of unresolved
clouds on direct radiation is overestimated. Taking out the systematic bias under all sky conditions, both experiments again show a negative
bias under liquid water clouds and a positive
bias under frozen water clouds. Both methods
show a similar diurnal trend, whereby the GHI
bias is positive during morning hours and negative at the end of the day, indicating an underestimated cloud optical thickness near sunrise and an overestimation near sunset. Corresponding to the experiments not including unresolved clouds, the bias is larger during the summer season and the spatial anomaly is negative
in the northwest and positive in the southeast.
Under overcast conditions, accounting for unresolved clouds decreases (37%) the bias from
39.04 to 24.60 W/m2 , where GHI is generally underestimated during winter and overestimated
during summer months. Additionally, during
these overcast days the LWP is generally overestimated, whereas the IWP is underestimated,
which corresponds to the negative bias for GHI
under liquid water clouds and the positive bias
under frozen water clouds.
In order to further improve FARMS to making it more competitive, future work should update the lookup table for small values of the
cloud optical thickness (τ < 1.0), or include a
cld
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Appendix A
A1

Statistical measures

To numerically evaluate the performance of the
experiments with a reference simulation, multiple statistical measures such as the mean bias error (MBE), the mean absolute error (MAE), the
root mean square error (RMSE) and the correlation coefficient (R) are considered. Following
Taylor (2001), the RMSE is split up in an overall mean bias (E) and a centered pattern RMSE
2
(E’), related by RM SE 2 = E + E 02 . The following definitions will be used:
n

M BE =

1X
(m − o)
n i=1

(8)
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in which m indicates the variable simulated in
the experiment and o the observational value.
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A2

Extra statistical results

The tables in this appendix show several statistical measures averaged over the full year and
findings additionally to those mentioned in section 3. For GHI, both the ten-minute averaged
observations from all locations are used (left), as
well as the one-minute observations at Cabauw
(right). For DNI and DIF, only the latter is used
because these variables are not available at other
sites. It should be noted that since these measures have been calculated over all points, the
MBE is equal to the mean overall bias.
No unresolved clouds (section 3.1)
In addition to the findings mentioned in Section
3.1, the statistics in Tables A1 and A2 show the
following results:
1. The values of the statistical measures for GHI
using all locations (left) and Cabauw (right)

only are comparable, although Cabauw generally shows slightly larger biases. It should
be noted that this might be due to averaging over ten minutes (therefore not accounting for short-term variability), not necessarily due to the location. However, the order of
magnitude is very comparable and therefore
the results for Cabauw can be seen as representative for the whole of the Netherlands,
at least in this experiment (resolved clouds
only).
2. For all experiments, the mean overall bias
(E = MBE) is far smaller than the centered RMS difference (E’), hence the larger
part of the RMSE can be explained by phase
(or ’timing’) or amplitude differences, rather
than by a systematic error. This is strengthened by the moderate value for the correlation coefficient. This is true for all irradiance
variables (Table A1) and under all sky conditions (Table A2).

Table A1: Statistics for GHI, DNI and DIF using RRTMG, the original (old) and revised (new) FARMS. GHI shows the
statistical measures for all locations (left) and just Cabauw (right), where DNI and DIF only use Cabauw.

Simulation

MBE

RRTMG
old FARMS
new FARMS

29.42/28.14
82.39/82.51
27.64/26.04

RRTMG
old FARMS
new FARMS

48.29
156.40
210.56

RRTMG
old FARMS
new FARMS

3.24
17.82
-58.69

MAE
RMSE
E’
GHI [W/m2 ]
93.10/101.88 151.48/166.20 148.39/163.80
126.83/133.62 193.23/204.58 174.64/187.20
95.56/102.71 154.27/168.63 151.63/166.61
DNI [W/m2 ]
170.45
283.04
278.89
245.56
378.15
344.29
289.21
426.20
370.55
DIF [W/m2 ]
65.71
102.60
102.55
128.91
183.69
182.82
99.21
139.65
126.72

R
0.80/0.77
0.74/0.71
0.80/0.77
0.54
0.53
0.49
0.62
0.36
0.42

Table A2: Statistics for GHI using RRTMG, the original (old) and revised (new) FARMS, distinguishing between clear
sky, liquid water clouds, frozen water clouds and mixed phase clouds

Simulation
RRTMG

old FARMS

new FARMS

Cloud
Clear
Liquid
Frozen
Mixed
Clear
Liquid
Frozen
Mixed
Clear
Liquid
Frozen
Mixed

MBE
57.60/58.90
-42.97/-51.37
89.79/92.56
29.61/24.52
69.06/69.53
-39.92/-48.68
104.81/110.50
133.08/139.73
69.26/70.50
-39.41/-48.14
100.01/102.84
15.59/8.92

MAE
76.82/90.53
108.33/116.85
106.13/119.85
96.57/102.26
80.97/91.20
110.76/118.97
115.24/130.57
165.03/191.42
81.07/91.86
110.67/119.40
110.98/123.53
97.62/101.73
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RMSE
133.84/157.15
166.58/180.92
166.90/182.06
154.15/164.78
139.09/161.85
170.01/183.54
177.46/196.91
230.56/261.61
139.37/162.19
169.83/184.21
171.92/186.98
154.93/164.67

E’
120.67/145.70
160.13/173.48
140.56/156.77
151.20/162.94
120.66/146.15
164.53/176.97
143.12/162.99
188.21/221.17
120.88/146.07
164.46/177.80
139.75/156.16
154.08/164.43

R
0.89/0.84
0.68/0.67
0.84/0.82
0.74/0.70
0.89/0.85
0.67/0.66
0.84/0.81
0.63/0.46
0.89/0.85
0.67/0.65
0.84/0.82
0.73/0.70

Unresolved clouds (section 3.2)

iment.

In addition to the findings mentioned in Section
3.2, the statistics in Tables A3 and A4 show the
following results:
1. The statistics for GHI are again quite similar for the ten-minute averaged observations
for all locations and the one-minute averaged
observations at Cabauw, although Cabauw
generally shows a slightly larger bias. However, Cabauw is deemed representative for
this (unresolved cloud representation) exper-

2. The MBE (=E) for all experiments is smaller
than the centered RMS difference (E’), so the
amplitude or phase differences are more important than the systematic bias. This is especially true for the pbl-based experiment,
where the systematic bias is almost negligible (MBE is very small). This is also suggested by the moderate correlation coefficient
(R). Additionally, R is considerably smaller
for liquid water clouds than for the other sky
conditions.

Table A3: Statistics for GHI, DNI and DIF using the no unres, pbl-based or RH-based method

Simulation

MBE

no unres
pbl-based
RH-based

29.42/28.14
7.46/2.99
-75.88/-82.89

no unres
pbl-based
RH-based

47.44
-68.52
-115.63

no unres
pbl-based
RH-based

3.30
39.00
-24.94

MAE
RMSE
E’
GHI [W/m2 ]
93.10/101.88 151.48/166.20 148.39/163.80
85.78/96.13
137.85/153.67 137.44/153.64
105.57/118.62 165.06/185.65 146.36/166.12
DNI [W/m2 ]
170.51
282.54
278.53
153.62
254.20
244.79
169.62
277.64
252.41
DIF [W/m2 ]
65.36
102.06
102.01
75.95
113.65
106.75
78.04
115.04
112.31

R
0.80/0.77
0.82/0.79
0.77/0.73
0.55
0.56
0.50
0.62
0.70
0.54

Table A4: Statistics for GHI using the no unres, pbl-based and RH-based methods, distinguishing between clear sky,
liquid water clouds, frozen water clouds and mixed phase clouds

Simulation
no unres

pbl-based

RH-based

Cloud
Clear
Liquid
Frozen
Mixed
Clear
Liquid
Frozen
Mixed
Clear
Liquid
Frozen
Mixed

MBE
57.60/58.90
-42.97/-51.37
89.79/92.56
29.61/24.52
38.65/35.65
-51.96/-62.06
53.14/50.50
5.59/-39.80
-31.17/-45.83
-122.88/-131.21
-54.53/-76.89
-84.62/-110.63

MAE
76.82/90.53
108.33/116.85
106.13/119.85
96.57/102.26
71.22/88.38
107.28/117.78
90.16/105.73
85.67/89.91
89.69/115.91
136.20/145.56
102.35/127.94
103.46/114.97
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RMSE
133.84/157.15
166.58/180.92
166.90/182.06
154.15/164.78
120.52/145.59
163.75/181.72
139.36/154.17
136.04/152.06
141.86/177.99
204.86/223.59
151.21/186.75
162.03/189.60

E’
120.67/145.70
160.13/173.48
140.56/156.77
151.20/162.94
114.02/141.15
154.66/170.79
128.70/145.66
135.84/146.76
137.68/171.99
163.73/181.04
140.36/170.19
138.02/153.97

R
0.89/0.84
0.68/0.67
0.84/0.82
0.74/0.70
0.90/0.85
0.70/0.68
0.86/0.83
0.76/0.63
0.84/0.77
0.66/0.59
0.82/0.77
0.73/0.58

Overcast days (section 3.3)
In addition to the findings mentioned in Section
3.3, the statistics in Table A5 shows the following results:
1. Contrary to tables A1 and A3 whereby the
ten-minute averaged observations of all locations showed similar statistics to the oneminute averaged Cabauw values, because the
magnitudes of the statistical measures are
much smaller here, the relative differences
become quite large. Where the MBE in
Cabauw shows a similar magnitude for the
pbl-based and RH-based experiment with

only a switched sign, the MBE for all locations shows a significantly larger MBE
for the RH-based experiment. Additionally,
Cabauw shows a smaller MAE for the RHbased experiment, but when including all locations the bias does not change. It is therefore questionable whether Cabauw is deemed
representative for the whole of the Netherlands.
2. As expected from previous results, the centered RMS difference (E’) is again larger than
the overall mean bias (E = MBE), hence the
amplitude or phase difference is larger than
the systematic bias.

Table A5: Statistics for GHI for the overcast days using the no unres, new FARMS, pbl-based and RH-based method.

Simulation

MBE

no unres
new FARMS
pbl-based
RH-based

24.26/39.04
-0.61/10.79
13.93/24.60
-33.62/-23.73

MAE
RMSE
GHI [W/m2 ]
54.85/60.13
98.04/114.27
49.65/48.44
84.89/87.93
46.49/47.15
79.50/84.93
45.59/38.33
74.36/58.31
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E’

R

94.81/107.39
84.68/87.27
78.09/81.29
66.26/53.26

0.60/0.51
0.56/0.44
0.63/0.55
0.47/0.40

Appendix B: Potential Overcast Days of Interest (OCDOI)
This appendix contains the figures of other potential OC-DOIs used to determine whether a
day should be considered in the rest of the study.
The interpretation of these figures will not be
discussed in the same detail as was done for
January 20th. However, a brief argumentation
whether or not to disregard a potential DOI will
be provided for each day.
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The 14th of January (figure B1):
The TC shows a shallow boundary layer cloud
containing liquid water (light blue) throughout
most of the day. The time-lapse video frames
show some areas with a thin cloud layer and the
TSI captured some clear sky instances. The synoptic map shows that the Netherlands is between
frontal systems and the satellite image shows

overcast in the south, but some clear skies in the
north-east. These observations hint at the presence of a Stratocumulus (SC) cloud. However,
since overcast did not prevail over the whole area
of interest during the whole day, this day will
be disregarded as an OC-DOI. The day will be
documented as "SC occurrence", which might
be interesting at a later stage of the study.

(a)

(b)

(c)

(d)

(e)

(f)
Figure B1: 14th of January 2014. (b) and (c) Video frames at 8.20 and 13.10 UTC
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The 15th of January (figure B2):
The TC shows deep, ice-containing (yellow)
clouds during daytime. The video frame shows
a typical example of the cloud deck during this
day, being full overcast, which is confirmed by
the TSI image. The synoptic map shows an oc-

cluded front over and an additional warm front
moving towards the Netherlands. The satellite
image show a large cloud deck over western Europe, linked to these fronts. For these reasons,
this day is classified as OC-DOI and the cloud
type is warm-frontal.

(a)

(b)

(c)

(d)

(e)

Figure B2: 15th of January 2014. (b) Video frame at 11.27 UTC
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The 16th of January (figure B3):
The TC shows some chaotic behavior, with
instances of both clear sky and thick, icecontaining (yellow) clouds. The video frames
show some thin areas in the cloud deck at some
moments, but it the sky remains fully covered
with clouds at all times. The clear sky events
captured by the TSI are therefore not seen in the

video. The synoptic map shows that the warm
front has passed and the cold front is approaching the Netherlands. The satellite image shows
again a large cloud deck linked to this frontal
system. This day classifies as an OC-DOI and
the cloud type might be linked to the frontal
system, but is not warm-frontal.

(a)

(b)

(c)

(d)

(e)

(f)
Figure B3: 16th of January 2014. (b) and (c) Video frames at 11.00 and 14.48 UTC
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The 21th of January (figure B4):
The TC shows a ice-containing (yellow) cloud
that of a few kilometers deep, but not as deep
as for instance seen in figure B1. Both the timelapse video and the TSI show overcast during
the whole day and the synoptic map shows the

presence of two occluded fronts. The satellite
image shows a large cloud deck over the majority of Europe. This day classifies as an OC-DOI,
but the cloud type is linked to the occluded, not
warm front.

(a)

(b)

(c)

(d)

(e)

Figure B4: 21th of January 2014. (b) Video frame at 12.46 UTC
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The 25th of January (figure B5):
The TC shows some chaotic behavior, with some
instance of very deep, ice-containing (yellow)
clouds, and other instances of low, boundary
layer, liquid water (light blue) clouds with some
ice particles higher up in the atmosphere. Both
the video and the TSI show continuous overcast
during the day. The synoptic map shows the oc-

cluded front has just past and the warm front is
approaching. The satellite image shows a large
cloud deck over northern Europe, but some thin
clouds in the east of the Netherlands. This day
classifies as an OC-DOI, but with the note that
it should be checked if overcast conditions occur during the full day at all observational sites.
The cloud type is warm-frontal.

(a)

(b)

(c)

(d)

(e)

Figure B5: 25th of January 2014. (b) Video frame at 13.09 UTC
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The 7th of February (figure B6):
The TC shows a deep, ice-containing (yellow)
cloud with some breaks in the early morning and
clear skies at the end of the day. Although both

the TSI and the satellite image show promising
results, the video shows a lot of breakup at the
end of the day. For this reason, this day is disregarded as an OC-DOI.

(a)

(b)

(c)

(d)

(e)

(f)
Figure B6: 7th of February 2014. (b) and (c) Video frames at 10.35 and 16.34 UTC
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The 10th of February (figure B7):
The TC shows a deep, ice-containing (yellow)
cloud during the whole day. The video shows
some areas with thin cloud, but the cloud deck
remains intact at all times, which is also found

by the TSI. The synoptic map shows a warm
front approaching from the south. The satellite
image shows a continuous, yet thin cloud deck
over the Netherlands. This day classifies as an
OC-DOI and the cloud type is warm-frontal.

(a)

(b)

(c)

(d)

(e)

Figure B7: 10th of February 2014. (b) Video frame at 11.55 UTC
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The 20th of February (figure B8):
No TC was available for this day. Both the video
and the TSI show continuous cloud cover during
the whole day. The synoptic map shows an ap-

proaching warm front from the south-west and
the satellite image shows the related cloud deck
over western Europe. This day classifies as an
OC-DOI and the cloud type is warm-frontal.

(a)

(b)

(c)

(d)

Figure B8: 20th of February 2014. (b) Video frame at 12.08 UTC
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The 6th of April (figure B9):
The TC shows instance where deep, icecontaining (yellow) clouds are present and instances where the cloud deck is shallow (boundary layer clouds; light blue). The video confirms
this finding: some instances are observed where
the cloud deck is quite thin, yet it is always continuous. The TSI shows some clear sky in the

early morning and late evening, but these are
not observed in the video. The synoptic map
shows a warm front passing the Netherlands on
the northern site and an undefined front on the
west. The satellite image shows a large cloud
deck over the Netherlands. This day classifies
as an OC-DOI, but the type remains unsure.

(a)

(b)

(c)

(d)

(e)
Figure B9: 6th of April 2014. (b) Video frame at 11.07 UTC
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The 8th of May (figure B10):
The TC shows some non-continuous (vertically)
clouds in the morning and deeper, ice-containing
(yellow) clouds in the afternoon. The video
shows some very thin areas in the cloud deck
as some moments, which is captured by the TSI
as clear sky. However, the cloud deck always

remains intact. The synoptic maps shows some
occluded fronts near the Netherlands and the
satellite image shows a continuous cloud deck
over the Netherlands. This day classifies as an
OC-DOI, but with the note to keep an eye on
the very thin areas in the cloud deck. The cloud
type is related to the occluded fronts.

(a)

(b)

(c)

(d)

(e)

(f)

Figure B10: 8th of May 2014. (b) and (c) Video frame at 5.06 and 16.40 UTC
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The 27th of May (figure B11):
The TC shows deep, ice-containing (yellow)
clouds all day till 20 UTC. The video shows overcast during the whole day, which is confirmed by
the TSI images. The synoptic map shows some

occluded fronts and satellite image shows a continuous cloud deck over the Netherlands. Hence,
this day classifies as an OC-DOI and the cloud
type is related to the occluded fronts.

(a)

(b)

(c)

(d)

(e)
Figure B11: 27th of May 2014. (b) Video frame at 11.13 UTC
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The 28th of May (figure B12):
At this day, no TC was available. The video and
TSI show overcast conditions during the full day.
The synoptic map shows an occluded front over
the Netherlands and a cold front approaching
from the north. The satellite image again shows

a cloud deck related to these fronts. The synoptic map of the next day (see figure B13) shows
that these fronts hardly move, hence the cloud
type is related to the occluded front. This day
classifies as OC-DOI.

(a)

(b)

(c)

(d)
Figure B12: 28th of May 2014. (b) Video frame at 12.17 UTC
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The 29th of May (figure B13):
The TC shows an irregular cloud deck during
this day, with low, liquid water containing (light
blue) clouds during the morning and deeper,
ice-containing (yellow) clouds in the afternoon,
again followed by shallow clouds in the evening.
The video, however, did not show that much
variation in the cloud cover over the day and

the TSI shows overcast during the full day as
well. The synoptic map shows both an occluded
and cold front, the latter explaining the relatively small, deep cloud producing rain around
13 UTC as seen in the TC. The satellite image shows that the far north and south are not
covered. For this reason, this day will be disregarded as an OC-DOI.

(a)

(b)

(c)

(d)

(e)
Figure B13: 29th of May 2014. (b) Video frame at 12.08 UTC
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The 8th of July (figure B14):
Part of the TC image is unavailable during this
day, but it shows very deep, ice-containing (yellow) clouds during morning hours. Both the
video and TSI show overcast during the whole
day and the synoptic map shows one warm front

over the Netherlands and another one approaching form the east. The satellite image shows a
large cloud deck over the Netherlands. This day
classifies as an OC-DOI and the cloud type is
warm-frontal.

(a)

(b)

(c)

(d)

(e)
Figure B14: 8th of July 2014. (b) Video frame at 12.05 UTC
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The 9th of July (figure B15):
The TC shows cloud cover during the whole
day, with instances of deep, ice-containing (yellow) clouds and instances of shallow, boundary layer clouds containing liquid water (light
blue). Some areas of thin cloud cover are therefore expected, but the video did not capture
this. Rather, the cloud deck is continuous and

homogeneous throughout the day, as is also
evident from the TSI images. The synoptic
map shows a warm front over the Netherlands
and an undefined front approaching from the
north.The satellite image shows cloud cover over
the Netherlands. Hence, this day classifies as an
OC-DOI and the cloud type is warm-frontal.

(a)

(b)

(c)

(d)

(e)
Figure B15: 9th of July 2014. (b) Video frame at 17.18 UTC
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The 14th of October (figure B16):
The TC shows shallow (boundary layer) clouds
during the whole day, consisting mainly of liquid
water (light blue) with some ice particles (yellow), suggesting the presence of SC. The video
shows a continuous cloud deck throughout the
day, as confirmed by the TSI, but regularly some
thinner areas in the cloud deck are observed.
The synoptic map shows the presence of a low
pressure system over the Netherlands, which disregards the suggestion of the cloud type to be

a SC. The satellite image shows a cloud deck
over the Netherlands and west of the Netherlands (over the sea), but no cloud cover further
land inwards. These observations also suggest a
(marine) stratocumulus cloud. From this image
it is, however unclear whether the whole area is
experiences overcast conditions during the whole
day. This day classifies as an OC-DOI with the
note that not all observational sites might experience overcast conditions during the whole day.
The cloud type is unknown.

(a)

(b)

(c)

(d)

(e)

Figure B16: 14th of October 2014. (b) Video frame at 14.07 UTC
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The 24th of October (figure B17):
The TC shows relatively deep, ice-containing
(yellow) clouds throughout the most of the day.
Overcast conditions during the whole day are
observed by both the video and the TSI. The

synoptic map shows an approaching warm front
from the west and the satellite shows the accompanying clouds over north-western Europe. This
day classifies as an OC-DOI and the cloud type
is warm-frontal.

(a)

(b)

(c)

(d)

(e)

Figure B17: 24th of October 2014. (b) Video frame at 11.47 UTC
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The 29th of October (figure B18):
The TC shows some very chaotic behavior, with
instances of quite deep, ice-containing (yellow)
clouds, instances of shallow, liquid water containing clouds (light blue) and instances of what
seems to be clear sky. This might suggest SC.
The TSI observes some instances of clear sky,
but the video does not show this at all. Rather,

it shows a continuous cloud deck throughout the
day. The synoptic map shows an approaching
cold front from the west, hence the small, deep
clouds observed in TC. The satellite image shows
cloud cover over the Netherlands. This day classifies as an OC-DOI and the cloud type is related
to the frontal system, but not warm-frontal.

(a)

(b)

(c)

(d)

(e)

Figure B18: 29th of October 2014. (b) Video frame at 11.55 UTC
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The 15th of November (figure B19):
The TC shows deep, ice-containing (yellow)
clouds in the morning and night, and liquid
water (light blue) clouds during the afternoon.
The TSI captures some clear sky, but this is

not observed in the video. The synoptic map
shows two occluded fronts over the Netherlands,
while the satellite image shows the accompanying clouds. This day classifies as a OC-DOI and
the cloud type related to the occluded fronts.

(a)

(b)

(c)

(d)

(e)

Figure B19: 15th of November 2014. (b) Video frame at 13.40 UTC
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The 16th of November (figure B20):
The TC shows a deep, ice-containing (yellow)
cloud throughout the day. The overcast conditions are also captured by the video and the TSI.
The synoptic map shows a front which is alter-

nating warm and cold, while the satellite image
shows a large cloud deck. This day classifies as
a OC-DOI and the cloud type is warm-frontal,
although the synoptic map leaves some room for
uncertainty.

(a)

(b)

(c)

(d)

(e)

Figure B20: 16th of November 2014. (b) Video frame at 11.15 UTC
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The 18th of November (figure B21):
The TC shows high, ice-containing (yellow)
clouds and liquid water containing (light blue)
clouds near the surface. Both the video and
the TSI show overcast throughout the day and

the satellite image shows cloud cover over the
Netherlands. The synoptic map shows that the
Netherlands is between fronts. This day classifies as a OC-DOI, but the cloud type remains
undetermined.

(a)

(b)

(c)

(d)

(e)

Figure B21: 18th of November 2014. (b) Video frame at 11.34 UTC
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The 19th of November (figure B22):
The TC shows a shallow boundary layer cloud,
containing liquid water, throughout the day,
which suggests the presence of a SC. The TSI observes some clear sky areas, but the video merely
shows some areas where the cloud cover is thin,
yet the cloud deck remain intact. The synop-

tic map shows an a potential occluded front and
the satellite image shows a very large cloud deck
covering northern Europe. Although extent of
the cloud deck and the potential occluded front
leaves room for uncertainty, the cloud type is
determined to be SC. This day classifies as an
OC-DOI.

(a)

(b)

(c)

(d)

(e)

Figure B22: 19th of November 2014. (b) Video frame at 11.31 UTC
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The 20th of November (figure B23):
The TC shows high, ice-containing (yellow)
clouds during the morning and shallow, boundary layer, liquid water containing (light blue)
clouds throughout the day. This suggests the
presence of a SC. The TSI notices some clear
sky instances, but these are not captured in the

video. The synoptic map shows that the Netherlands is under influence of a high pressure system in the east. The satellite image shows thin
clouds over the Netherlands, but both the north
and south are not covered. For this reason, this
SC is disregarded as a OC-DOI.

(a)

(b)

(c)

(d)

(e)

Figure B23: 20th of November 2014. (b) Video frame at 11.52 UTC
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The 27th of November (figure B24):
The TC shows high, ice-containing (yellow)
clouds during most of the day with some more
scattering during the morning. Both the TSI
and video show overcast during the whole day.
The synoptic map shows that the there is a warm

front over the Netherlands and a cold front approaching from the south. The satellite image
shows a cloud deck over the Netherlands. This
day classifies as an OC-DOI, but the cloud type
remains unsure.

(a)

(b)

(c)

(d)

(e)

Figure B24: 27th of November 2014. (b) Video frame at 9.20 UTC
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The 1st of December (figure B25):
The TC depicts shallow boundary layer clouds
containing liquid water (light blue) accompanied
with precipitation (dark blue), suggesting the
presence of SC. The video and TSI show overcast
during the whole day and the satellite images
shows a large cloud deck covering the Nether-

lands. The synoptic maps shows the presence of
an occluded front over the Netherlands at midnight and a high pressure system approaching
from the Northeast. The cloud type is determined to be SC and the day classifies as an OCDOI.

(a)

(b)

(c)

(d)

(e)

Figure B25: 1st of December 2014. (b) Video frame at 11.37 UTC
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The 2nd of December (figure B26):
The TC depicts shallow boundary layer clouds
containing mainly liquid water (light blue), suggesting the presence of SC. Later in the afternoon, some ice particles are present. The video
and TSI show overcast during the whole day and
the satellite images shows a large cloud deck

coming in from the sea. The synoptic maps
shows the influence of a high pressure system on
the east and a cold front approaching from the
west. Although the size of the cloud deck might
suggest otherwise, the cloud type is determined
to be SC. The day classifies as an OC-DOI.

(a)

(b)

(c)

(d)

(e)

Figure B26: 2nd of December 2014. (b) Video frame at 11.33 UTC
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The 3rd of December (figure B27):
The TC depicts shallow boundary layer clouds
containing liquid water (light blue) and ice (yellow), suggesting the presence of (cold) SC. Both
the video and TSI show overcast during the
whole day and the satellite images shows a thin

cloud deck over the Netherlands. The synoptic
maps shows the influence of an approaching occluded front from the West. This day classifies
as an OC-DOI and the cloud type is thought to
be SC, although the synoptic map gives some
reason for doubt.

(a)

(b)

(c)

(d)

(e)

Figure B27: 3rd of December 2014. (b) Video frame at 11.35 UTC
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The 5th of December (figure B28):
The TC depicts a relatively shallow cloud containing both liquid water (light blue) and ice
(yellow). Both the video and TSI show clear
skies during the morning, hence this day is dis-

regarded as an OC-DOI. The reason that the
Nubiscope classifies this day as overcast, might
be because of mechanical failure during morning
hours.

(a)

(b)

(c)

(d)

(e)

Figure B28: 5th of December 2014. (b) Video frame at 8.06 UTC
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The 7th of December (figure B29):
The TC shows deep, ice-containing (yellow)
clouds during daytime and the video and TSI
confirm the presence of overcast conditions
throughout the day. The synoptic map shows
an approaching warm front, and directly behind
it a cold front, from the northwest. The passing

of a cold front would explain the observations of
the TC. The satellite image shows frontal clouds
over northwestern Europe. This day qualifies as
an OC-DOI and the cloud type is related to the
frontal system, but rather to the cold front than
the warm front.

(a)

(b)

(c)

(d)

(e)

Figure B29: 7th of December 2014. (b) Video frame at 11.31 UTC
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The 12th of December (figure B30):
No TC was available for this day. Both the
video and TSI show the presence of a cloud deck
throughout the day. The synoptic map shows an

warm front approaching from the south and the
related cloud deck is observed in the satellite image. The day classifies as an OC-DOI and the
cloud type is warm-frontal.

(a)

(b)

(c)

(d)

Figure B30: 12th of December 2014. (b) Video frame at 11.36 UTC
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The 17th of December (figure B31):
The TC shows deep, ice-containing (yellow)
clouds during the morning and shallow, liquid
water containing (light blue) clouds during the
rest of the day. The TSI shows some clear sky
instances at the end of the day, but the video

does not capture this. The synoptic map shows a
warm front approaching from the west, but this
does not agree with the TC figure. The satellite
image shows that most of Europe is covered by a
large cloud deck. Hence this day classifies as an
OC-DOI, but the cloud type remains uncertain.

(a)

(b)

(c)

(d)

(e)

Figure B31: 17th of December 2014. (b) Video frame at 13.30 UTC
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The 18th of December (figure B32):
The TC shows mainly shallow, liquid water
(light blue) clouds with some instances of ice
particles (yellow) higher up in the atmosphere
producing rain. The video shows cloud cover
during the whole day, although some areas in the
cloud deck are quite thin. The TSI shows over-

cast throughout the day and the satellite image
shows the presence of a large cloud deck over Europe. The synoptic map shows that the warm
front has just passed and that a mix of small
warm and cold front is approaching. The cloud
type remain uncertain, but the day qualifies as
an OC-DOI.

(a)

(b)

(c)

(d)

(e)

Figure B32: 18th of December 2014. (b) Video frame at 11.36 UTC
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The 27th of December (figure B33):
The TC shows deep, ice-containing (yellow)
clouds during the early morning, but no or very
shallow clouds during the rest of the day. The
video and TSI, however, show continuous cloud
cover throughout the day. The synoptic map in-

dicates a low pressure system, accompanied with
a warm front, approaching from the southwest.
The satellite image shows the Netherlands covered in clouds. This day classifies as an OCDOI and the cloud type is frontal, related to the
warm, cold or occluded front.

(a)

(b)

(c)

(d)

(e)

Figure B33: 27th of December 2014. (b) Video frame at 11.45 UTC
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