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[1] A shortwave radiative closure analysis for cloudy skies is presented for the Cabauw
Baseline Surface Radiation Network (BSRN) site (51.97°N, 4.93°E). The cloudy cases are
carefully selected to be overcast, single‐layer, homogeneous, nonprecipitating water
clouds. We selected in total 639 cases on 9 days between May 2008 and May 2009 and
on 30 January 2007. The Doubling‐Adding KNMI (DAK) code is used to simulate
global irradiances. The cloud optical thickness is derived from the cloud liquid water
path from microwave radiometer (MWR) measurements and the MODIS L2 cloud
effective radius product. The scattering phase matrix of the cloud particles is calculated
using a Mie code with the two‐parameter Gamma size distribution. The MWR integrated
water vapor column and an aerosol climatology are also used in the simulations. The
cloudy cases cover a large range of liquid water path (30–400 g/m2), water vapor column
(0.7–3.1 cm), and solar zenith angle (41°–75°). The mean difference between simulated
global irradiances and BSRN measurements is 6 W/m2 (5%), with a standard deviation
of 14 W/m2 (13%). This difference is within the uncertainties of the model input
parameters and measurement errors. The correlation coefficient between the measured and
simulated global irradiances is 0.95. The good closure results demonstrate the high quality
of the MODIS effective radius data and MWR liquid water path data and the accuracy
of the DAK model for the selected water cloud cases. Furthermore, the effects of clouds,
aerosols, water vapor, and surface albedo on the global irradiance have been analyzed
carefully. The sensitivity study shows that in order to achieve the closure with an
uncertainty of a few W/m2, more frequent effective radius data, simultaneous aerosol
and cloud measurements, and surface albedo measurements are essential.
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1. Introduction

[2] Clouds have a significant influence on the Earth’s
radiation budget. Small changes in cloud parameters can
have a large effect on the climate response associated with
the changes in greenhouse gases, anthropogenic aerosols, or
other factors [Stephens, 2005]. The study of cloud radiative
closure (the difference between calculated and measured
shortwave or longwave radiation) is important for the fun-
damental understanding of the interaction between clouds
and radiation. A closure study is also of importance in order
to evaluate cloud properties which have to be retrieved prior
to the radiative transfer calculations. Thus, it is an important
tool to evaluate the accuracy of cloud property retrievals and
measurement techniques. The radiative transfer (RT) model
can also be validated through a closure study using well‐
defined cases and high‐quality measurements. Oreopoulos
and Mlawer [2010] describe the current activities on the

intercomparison of radiation codes, where the RT model
simulations are compared with high‐quality ground‐based
radiation measurements for well‐defined clear‐sky and
overcast cases. The validated RT model and knowledge
gained from the closure study can contribute to the param-
eterization of RT calculations in Global Climate Models
(GCMs) [Oreopoulos and Mlawer, 2010].
[3] Several shortwave closure studies for cloudy cases

have been performed during measurement campaigns, espe-
cially recently at the Atmospheric Radiation Measurement
(ARM) sites. In order to study the cloud absorption anomaly
[Stephens and Tsay, 1990] the second ARM Enhanced
Shortwave Experiment (ARESE II) was conducted at the
Southern Great Plains (SGP) site in February‐April 2000.
Using data from ARESE II, Ackerman et al. [2003] found
that for three cloudy days, the measured and model calculated
broadband shortwave atmospheric absorption agreed very
well with each other. On 2 of the 3 days the calculations
agreed with the measurements within 20 W/m2 or less for a
total column absorption of more than 200 W/m2, thus better
than 10%. On the third day, the model and measurements
agreed within either 8% or 14% depending on which value
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of the surface albedo was used. Ackerman et al. [2003]
constrained the effective droplet radius by fixing the liquid
water path from the microwave radiometer (MWR) mea-
surements and then varying the effective radius in order to
match the solar broadband flux at the ground. Mace et al.
[2006] reported that for the year 2000 in uniform overcast
skies at the SGP/ARM site, the calculations were strongly
correlated to the measurements, with biases in the global
irradiances at the surface and the top of the atmosphere of
less than 10% and median relative errors ranging from 20%
to as low as 2%. McFarlane and Evans [2004] examined
shortwave closure for the Nauru andManus Tropical Western
Pacific (TWP) ARM sites for all‐sky cases. They found that
modeled global irradiances were unbiased with respect to
the observed global irradiances while direct irradiances were
underestimated and diffuse irradiances were overestimated.
[4] The most recent shortwave closure study for the sin-

gle‐layer, water clouds for overcast skies has been reported
by Nowak et al. [2008] for the Baseline Surface Radiation
Network (BSRN) site of Payerne, Switzerland. The authors
obtained good agreement between measurements and sim-
ulations of less than 1% by adjusting the vertical extinction
(optical thickness) in the modeled cloud layer within rea-
sonable limits for stratus clouds. In order to validate the
retrieved cloud optical thickness and effective radius from
ground‐based measurements, Brandau et al. [2010] com-
pared the transmittances at 413 nm calculated with the
Doubling‐Adding KNMI (DAK) model to the transmit-
tances derived from MultiFilter Rotating Shadowband
Radiometer (MFRSR) observations. Brandau et al. [2010]
found a good agreement between the simulated and mea-
sured transmittances with a bias of around 5%.
[5] In the Netherlands, the CESAR (Cabauw Experi-

mental Site for Atmospheric Research) observatory consists
of a large suite of instruments designed for studying the
atmosphere and its interaction with the land surface. Since
2005, the radiation site of Cabauw has been part of the
Baseline Surface Radiation Network [Ohmura et al., 1998;
Knap, 2008]. In May 2008 the Intensive Measurement
Period At the Cabauw Tower (IMPACT), an activity of the
European Integrated project on Aerosol Cloud Climate and
Air Quality Interactions (EUCAARI), was held at Cabauw.
For an exceptional period of cloudless weather during the
first half of the campaign, Wang et al. [2009a] obtained
excellent shortwave broadband irradiance closure. The radi-
ative transfer calculations were performed with the Dou-
bling‐Adding KNMI (DAK) model [De Haan et al., 1987;
Stammes, 2001; Kuipers Munneke et al., 2008; Wang et al.,
2009b], using Aerosol Robotic Network (AERONET) pro-
ducts for the characterization of aerosols and water vapor.
The mean differences between model calculations and mea-
surements were 2 W/m2 (+0.2%) for the direct irradiance,
1 W/m2 (+0.8%) for the diffuse irradiance, and 2 W/m2

(+0.3%) for the global irradiance. This result is comparable
to the results obtained by Michalsky et al. [2006].
[6] In the present work, we analyze the shortwave closure

for overcast, single‐layer, homogeneous, nonprecipitating
water cloud cases at the Cabauw site. The diversity and
variability of clouds is a challenge for radiative transfer
model simulations and cloud retrievals. Therefore, we select
simple cloud cases to limit the uncertainties of the model
input parameters. Because of the good performance of the

DAK model in the clear‐sky closure study by Wang et al.
[2009a] and in the narrow band cloudy closure study by
Brandau et al. [2010], we continue to evaluate the perfor-
mance of the DAK model for broadband shortwave irra-
diances in cloudy cases. In order to calculate global
irradiances for cloudy cases, the DAK model needs cloud
optical thicknesses, cloud scattering phase matrices, aerosol
optical properties, water vapor data, and surface albedo data
as input. The cloud optical thicknesses are derived from the
liquid water path (LWP) observed by the ground‐based
MWR in Cabauw and the cloud effective radius observed by
the MODIS satellite instrument. The integrated water vapor
column data are also taken from the MWR. The aerosol
information is taken from climatological AERONET data.
The effects of cloud properties, aerosols, water vapor, and
surface albedo on global irradiances are analyzed carefully
to estimate the uncertainties in the simulated global irra-
diances. Compared to the clear‐sky cases, the DAK simu-
lations are quite slow for cloudy cases, because a large
number of Gauss‐Legendre division points (quadrature an-
gles) are needed to get accurate results. Therefore, we use a
look‐up table approach for the simulations of the broadband
shortwave global irradiances.
[7] The structure of the paper is as follows. Section 2

contains the methodology and data description, including
the selection of cloudy cases, cloud properties and radiative
transfer simulations. The results are shown in section 3. The
effects of cloud properties, aerosol, water vapor, and surface
albedo on the surface global irradiances and an uncertainty
analysis are discussed in section 4. Conclusions are drawn
in section 5.

2. Data and Methodology

2.1. Selection of Cloudy Cases

[8] The cloudy cases were selected between May 2008
and May 2009 using the Cloudnet target categorization
product [Illingworth et al., 2007], cloud fraction from the
NubiScope and total sky imager, rain gauge data, and BSRN
radiation measurements. All the instruments are located at
the CESAR observatory. The selection criteria and data used
for every selection step are listed in Table 1, and are discussed
in detail below. Cloud fraction data from the NubiScope and
rain gauge data were available every 10 min. Cloudnet data
were provided for every 1 min. Therefore, the selection of
the overcast, nonprecipitating, water clouds (steps 1–3) was
performed for every 10 min interval. In the 10 min intervals
we assumed that the cloud properties did not change. The
global irradiances were calculated at 4 min intervals for all
the cases that passed steps 1–3. Thus, we could simulate the
diurnal cycle of the global irradiances and check the effects
of multilayer and inhomogeneous clouds on the closure.
Steps 4–5 were performed after the DAK simulations at
4 min intervals. So a cloud case refers to 4 min mean cloud
properties. Step 6 was only used as a visual check but not
used to select cases. The selection of cases was objective and
all the cloudy cases were selected automatically according to
steps 1–5. Although steps 4–5 were done after the DAK
simulations, the simulated global irradiances were not used
to select cases. We used visual checks for every step to make
sure that the cases were selected properly.
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[9] The essential instruments used for the Cloudnet target
categorization are the vertically pointing cloud radar and
backscatter lidar. Microwave radiometer (MWR) and rain
gauge are recommended. The hourly model forecast data
must be available (R. J. Hogan and E. J. O’Connor, Facil-
itating cloud radar and lidar algorithms: The Cloudnet
Instrument Synergy/Target Categorization product, Cloud-
net documentation, 2004, available at http://www.met.rdg.
ac.uk/∼swrhgnrj/publications/categorization.pdf). The target
categorization algorithm makes use of the fact that the radar
is sensitive to large particles such as rain and drizzle drops,
ice particles, and insects, while the lidar is sensitive to
higher concentrations of smaller particles, such as cloud
droplets and aerosols [Illingworth et al., 2007]. In the target
categorization product, each pixel is categorized in terms of
the presence of liquid droplets, ice, insects, aerosols etc.
Cloud top and base heights are also provided in the product,
with a temporal resolution of 15 s and a vertical resolution
of 90 m from surface up to 11.5 km.
[10] The selection of cloudy cases was performed in the

following steps:
[11] 1. Overcast is defined as cloud fraction of 1. We used

cloud fractions derived from a NubiScope scanning IR
radiometer, manufactured by IMK/Sattler‐SES, with wave-
length band 8–14 mm [Wauben, 2006]. The field of view of
the IR radiometer is 3 degrees. The NubiScope performs
every 10 min a scan of the whole sky which provides a total
of 1080 brightness temperatures obtained during a scan at
30 zenith angles (1.5° to 88.5° in steps of 3°) and 36 azi-
muth angles (5° to 355° in steps of 10°). The NubiScope
detects cloudiness when the atmospheric brightness tem-
perature is above the clear‐sky background. A visible Total
Sky Imager (TSI, YES Inc.) was used to visually check the
selected overcast cases. The cloud fraction database was
created for 10 min intervals between May 2008 and May
2009 (http://www.knmi.nl/∼savenije/BSRN/). More infor-
mation about the cloud fraction detection is given by Boers
et al. [2010].
[12] 2. Precipitation events were determined from rain

gauge measurements. If the rain gauge recorded no precip-
itation, the case was further checked using the target cate-
gorization product and the rain flag from microwave
radiometer measurements. When the rain gauge recorded no
precipitation, we often saw drizzle from the Cloudnet target
categorization product. These cases were flagged as no
precipitation because the drizzle most probably did not
reach the surface. The precipitation flag was generated at
10 min intervals with 1 h time lag and 20 min prelag.
Therefore, if precipitation occurred at t0, the entire time
interval of [t0 − 20, t0 + 60] minutes was flagged as precip-
itation. The time lags were used to make sure that the selected
cases were not impacted by previous precipitation events.

[13] 3. Water clouds were selected from the Cloudnet
target categorization product. Clouds with mixed liquid
water and ice were excluded. At the time of a MODIS
overpass (two times per day), cloud phase information from
the MODIS level 2 product [King et al., 1998] was used as
an additional check. If the MODIS cloud phase product in
a 0.2° × 0.2° box around Cabauw reported ice or mixed
phase clouds, the case was rejected.
[14] 4. Single‐layer clouds were checked automatically

from the Cloudnet categorization data for every vertical bin.
If two water cloud layers were separated by one bin, the case
was flagged as a multilayer cloud, and was rejected.
[15] 5. For all cases that passed the first 4 checks we

further limited them to having a direct irradiance of 0 (global
and diffuse irradiances are equal). This also implies that we
only select optically thick cloud cases, because the direct
beam can only be blocked if the cloud optical thickness is
larger than about 10 [Bohren et al., 1995].
[16] 6. The homogeneity of clouds was visually checked

using images from the Total Sky Imager and the BSRN
downward longwave irradiance time series. For homoge-
neous clouds, the BSRN downward longwave irradiance
normally shows a smooth curve, which also provides extra
information with respect to the homogeneity of the clouds in
space and time. On the TSI images, homogeneous clouds
look smoother than nonhomogeneous clouds. There exists
hardly any perfectly homogeneous cloud within the full field
of view of the pyranometer. Therefore, we did not remove
cases in step 6. Although the homogeneity criterion was
not strictly satisfied for all cases, the information about the
cloud homogeneity was used to understand the variation of
the global irradiances.
[17] For the cases that passed selection steps 1–3, a con-

tinuity criterion was applied: if the cloud satisfied the
selection steps 1–3 at a certain measurement time t0, and
was present continuously for 1 h (t0 ± 30 min) at each
step, the case was selected. The continuity criterion might
implicitly exclude some inhomogeneous cloud cases. It also
helped to reduce the matching error between the measure-
ments from the narrow field‐of‐view instruments (MWR,
radar/lidar) and hemispherical viewing instruments (TSI,
pyranometer). For all the cases the solar zenith angle (SZA)
is less than 75°, because the plane‐parallel DAK model was
used for the simulations.
[18] The cloudy cases on 30 January 2007 have been used

by De Martino et al. [2008] to study closure between the
Regional Atmospheric Climate Model (RACMO) simula-
tions and BSRN measurements. Because the same selection
criteria were applied, we also included the 30 January 2007
cases to get more statistics.

2.2. Data Used in the Simulations

2.2.1. Cloud Data
[19] Cloud liquid water path (LWP) values were obtained

from microwave radiometer (MWR) measurements. The
KNMI HATPRO MWR served as primary instrument; in
case of failure of HATPRO we used the RESCOM MWR,
operated by European Space Agency (ESA). The cloud
liquid water path and integrated water vapor column (IWV)
are retrieved from both MWRs using a statistical method
[Loehnert and Crewell, 2003]. The atmospheric brightness
temperatures are measured at one frequency on the wing of

Table 1. Steps for Selecting the Cloudy Cases

Steps Criteria Automated Selection Visual Check

1 Overcast NubiScope TSI
2 No precipitation Rain gauge, Cloudnet Cloudnet
3 Water cloud Cloudnet, MODIS Cloudnet
4 Single‐layer Cloudnet Cloudnet
5 No direct irradiance BSRN BSRN
6 Homogeneity – TSI, BSRN
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the water vapor line at 22.235 GHz and at a second fre-
quency in the window region around 30 GHz. From mea-
surements at both frequencies LWP and IWV can be
retrieved simultaneously. For example, the frequencies 21.3
and 31.4 GHz are used to retrieve LWP and IWV from the
RESCOM MWR. Seven frequencies between 22.24 and
31.4 GHz are used to retrieve LWP and IWV from HAT-
PRO. The sampling rates are 1 or 2 s for HATPRO and 4 s
for RESCOM. The MWRs are pointing to the zenith direc-
tion with a relatively narrow beam width of 3.5° HPBW (half
power beam width) [Rose et al., 2005]. Therefore, the cloud
properties from the MWR narrow beam measurements may
depart from the desired large area average that is impacting
the BSRN global irradiance observations. Thus, the unifor-
mity of the clouds is important. For the radiative transfer
simulations, the LWP and IWV were averaged over 4 min
(arithmetic mean), which corresponds to 160 measurements
from HATPRO or 60 measurements from RESCOM.
The aim of the averaging is to reduce the matching error
due to the different fields of view between the MWR and
the Pyranometer.
[20] The effective radii (re) of cloud droplets were

taken from MODIS L2 data (MOD06_L2 and MYD06_L2)
at 1 × 1 km2 resolution. We used the MODIS effective
radius retrieved from the 2.1 mm band. At Cabauw the
daytime MODIS overpasses are around 1030 (Terra) and
1330 UTC (Aqua). We selected the closest overpass time for
the cloud cases: if the selected cloud cases were in the
morning we used MODIS data at 1030 UTC; if they were
in the afternoon, we used the MODIS overpass data at
1330 UTC. For the cloud cases between the two MODIS
overpass the effective radii were interpolated according to
the measurement time. The MODIS data were collected over
Cabauw within ±0.1° in latitude and longitude. For the
selected cloud cases the MODIS data must also satisfy the
selection criteria, so re must hold for water clouds. The dis-
tribution of re was derived from all re values in a 0.2° × 0.2°
box for every MODIS overpass. The peak value in the
distribution was selected as the optimal re. This selection
approach for re could compensate for small variations of
re in time and reduce the effects from extreme re values.
[21] In this closure study the cloud optical thickness

(COT) was derived from independent instruments and
wavelengths, therefore no implicit closure was involved. If
the extinction efficiency (i.e., ratio of extinction cross
section and geometric cross section) is assumed to be 2, the
cloud optical thickness at visible wavelengths, t0, can be
calculated according to

�0 ¼ 3W

2�re
; ð1Þ

where r is the density of liquid water, and W is the cloud
liquid water path [Stephens, 1978]. In order to take into
account the wavelength dependence of COT, the COT at
other wavelengths (l) was scaled using the ratio of the
extinction efficiencies at l and at 544.8 nm, the latter
representing the visible wavelength:

� �ð Þ ¼ �0
Q �ð Þ

Q 544:8 nmð Þ : ð2Þ

The extinction efficiencies Q were calculated by Mie theory
together with the scattering matrices (see section 2.3), for
every wavelength and value of re.
2.2.2. Atmospheric Profile
[22] In the simulations, the atmospheric state (pressure P,

temperature T, water vapor and ozone profiles) was
described by the midlatitude summer (MLS) profile given
by Anderson et al. [1986]. The MLS atmospheric profile has
1 km vertical resolution from 0 to 25 km. Above 25 km, the
levels are at 30, 35, 40, 45, 50, 70, 100 km. The 4 min
averaged IWV data from MWR are used to scale the MLS
water vapor profile. The deviation of actual P, T and ozone
profiles from the MLS profiles have very small impact
on the shortwave global irradiance for overcast cases, there-
fore we did not use the atmospheric profiles from radio-
sonde measurements.
2.2.3. Aerosol Data
[23] The aerosol information was taken from the LOW-

TRAN aerosol climatology [Shettle and Fenn, 1979]. The
LOWTRAN aerosol data provide aerosol profiles (at the
same altitude grid as the MLS atmospheric profile), single
scattering albedos (SSA), asymmetry parameters (ASY) and
extinction coefficients (EXT) at 47 wavelengths from 0.2 to
300 mm for several aerosol types (e.g., rural and urban type
aerosols). ASY, SSA and EXT vary with relative humidity
and the aerosol profiles depend on visibility. The most
important settings for the LOWTRAN aerosols are: aerosol
type, relative humidity (RH) and visibility (VIS) in the
boundary layer (0–2 km), RH and VIS in the free tropo-
sphere (2–10 km), and AOT. The user can choose RH = 50,
70, 80, 99%, VIS = 50, 23, 10, 5, 2 km in the boundary layer
and VIS = 23 or 50 km in the free troposphere. We scaled
the LOWTRAN aerosol information with the AOT appli-
cable to Cabauw.
[24] We used the AOT climatology for Cabauw from the

AERONET data, because we did not have AERONET data
on overcast days [Dubovik et al., 2000]. For Cabauw the
annual mean AOT is 0.23 at 500 nm with a standard devi-
ation of 0.1. Aerosol properties often vary significantly from
day to day; this implies that the yearly mean or monthly
mean AOT may be quite different from the actual AOT.
This is discussed in section 4.2.
2.2.4. Surface Albedo
[25] In the cloudy closure analysis we used the spectral

surface albedo derived for a typical grass curve presented by
Bowker et al. [1985]; the same data were used for the clear‐
sky closure analysis [Wang et al., 2009a]. In order to study
the impact of the spectral surface albedo on the simulated
global irradiance, we simulated global irradiances using
three different grass reflectance spectra (Grass‐Fescue‐
Wheat YNP‐FW‐1, YNP‐FW‐2, YNP‐FW‐3) from the
USGS Digital Spectral Library 06 [Clark et al., 2007]. For
grass spectra 1 and 2 the grass type is Idaho fescue and
bearded wheatgrass; for grass spectrum 3 the type is Idaho
fescue and bluebunch wheatgrass. Popp et al. [2011] com-
piled a new global surface albedo climatology based on
Medium Resolution Imaging Spectrometer (MERIS) Albe-
domap data (http://www.brockmann‐consult.de/albedomap/).
The MERIS climatological surface albedo databases were
generated at a grid of 0.25° × 0.25° (latitude × longitude) for
each month of the year and for 13 different spectral channels
between 412 and 885 nm. Because the spectral surface
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albedo at Cabauw could be different from the four grass
spectra, we compared the grass spectra with the climato-
logical surface albedo values at Cabauw. We selected the
MERIS surface albedo values in the grid box over Cabauw
at 13 wavelengths.

2.3. Radiative Transfer Calculations

[26] The DAK model uses the doubling‐adding method to
calculate upward and downward radiation at every level of
a multilayer plane‐parallel atmosphere. It includes multiple
scattering, gas absorptions, polarization, and different kinds
of scattering phase matrices for cloud and aerosol particles.
The atmospheric state (pressure, temperature, trace gas
mixing ratio) and optical properties of particles (optical
thickness, single scattering albedo, scattering phase matrix)
are defined for each layer individually. In the doubling‐
adding scheme, integration of a multiplication of radiation
field matrices, like reflection and transmission matrices,
takes place. The azimuth dependence of the radiation field
is treated as a Fourier expansion, so each Fourier term can
be treated separately. The zenith angle integration is treated
as a Gauss‐Legendre integration. The number of Gauss‐
Legendre division points (also called quadrature angles)
determines the accuracy of the doubling‐adding scheme and
the speed of calculations [De Haan et al., 1987; Stammes,
2001]. In order to achieve an error of 10−5 in the reflec-
tance and transmittance, which is less than 0.01 W/m2 for
the irradiance, sixty Gauss‐Legendre division points were
used in the computations. The original version of the DAK
model is a line‐by‐line code, covering wavelengths from
UV to near‐IR. The k distribution method is implemented in
DAK to calculate broadband solar irradiances [Kuipers
Munneke et al., 2008; Wang et al., 2009b]. The global
irradiances are calculated for 32 wavelength bands from
240 to 4600 nm using the k distribution coefficients for the
absorptions byO2, CO2, O3 andwater vapor [Kato et al., 1999].
The extraterrestrial total solar irradiance is 1365 W/m2 and is
corrected according to the Earth‐Sun distance.
[27] For water clouds the scattering (phase) matrices were

calculated using Mie theory [De Rooij and van der Stap,
1984]. The cloud scattering matrices were calculated at the
central wavelength for each of the 32 wavelength bands
using 14 different effective particle radii. The effective
radius was varied from 2 to 20 mm and the effective variance
was set to 0.15. The effective variance value was selected

based on the measurements by Diem [1948]. The particle
size distribution was assumed to be a two‐parameter
Gamma distribution [Hansen, 1971]. The complex refrac-
tive index of water was taken from Segelstein [1981].
The Segelstein [1981] data cover the wavelength range
0.01–107 mm with about 0.01 mm spectral resolution at vis-
ible and near‐infrared wavelengths. Although several com-
plex refractive index spectra are published, they are mainly
for the visible wavelength range. For consistency, we only
used data from Segelstein [1981].
[28] It takes about 50 min to calculate the global irradi-

ance for one cloud case, which is too slow to process a large
number of cases. To speed up the irradiance simulations, the
irradiances were precalculated and stored in look‐up tables
(LUT). Three LUTs were generated: the reference irradiance
LUT, and the water vapor and aerosol correction LUTs. The
global irradiances stored in the LUTs are called Gref, Giwv

and Gaer. The settings for the LUTs are summarized in
Table 2. The input parameters of DAK are also presented in
Table 2 except for re. The advantage of using three LUTs
instead of including all the combinations of water vapor
and aerosol settings in one LUT is that the size of the LUTs
is smaller and the computation is faster.
[29] For the reference irradiance LUT, the surface global

irradiances (Gref) were precalculated at 27 cloud optical
thicknesses (from 0 to 161), 14 effective radii (from 2 to
20 micron) and 10 cosines of solar zenith angle (m0 from
0.2588 to 1). The MLS atmospheric profile was used for the
LUTs, with fixed CO2 mixing ratio of 368 ppm and without
aerosols. Thus in the reference irradiance LUT, the inte-
grated water vapor column (IWV) is 2.96 cm and the O3

column density is 340 DU. The IWV and aerosols were
corrected later in the water vapor and aerosol correction
LUTs. The cloud was assumed to be a homogeneous layer
located between 1 and 2 km altitude, because cloud height
is not important for the shortwave global irradiance at the
surface [Schmetz, 1993].
[30] The water vapor and aerosol correction LUTs were

constructed to correct Gref for the actual integrated water
vapor (IWV) column amount and aerosol optical thickness
(AOT), respectively. The correction LUTs have the same
settings as the reference irradiance LUT but with different
IWV or AOT and with less number of COT and re values.
In the water vapor correction LUT (Giwv), IWV was set to
0.5, 1.0, 2.0, 4.0 cm and the profile shape is the MLS water

Table 2. Settings for the Reference Irradiance LUT, Water Vapor Correction LUT, and Aerosol Correction LUTa

Parameter Reference Irradiance LUT: Gref

Water Vapor
Correction LUT: Giwv

Aerosol
Correction LUT: Gaer

COT 0, 0.5, 0.6, 0.8, 1, 1.3, 1.6, 2, 2.5, 3.2, 4, 5.0,
6.4, 8, 10.1, 12.7, 16, 20.2, 25.4, 32, 40.3,
50.8, 64, 80.6, 101.6, 128, 161.3

10.1, 16, 32 10.1, 16, 32

re (mm) 2, 2.5, 3, 3.5, 4, 5, 6, 7, 8, 9, 10, 12, 14, 16, 18, 20 6, 8, 10 6, 8, 10
AOT 0 0 0.1, 0.2, 0.3
IWV (cm) 2.96 0.5, 1, 2, 4 2.96
O3

b (DU) 340
CO2

b (ppm) 368
m0

b 0.259, 0.3, 0.4, 0.5, 0.6, 0.707, 0.8, 0.866, 0.940, 1.0
Atmospheric profileb Midlatitude summer
Surface albedob Grass spectrum [Bowker et al., 1985]

aLUT, look‐up table.
bThese settings are the same for all LUTs.
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vapor profile. Aerosol was not included in the water vapor
correction LUT. For the aerosol correction LUT (Gaer), the
LOWTRAN rural type aerosol [Kneizys et al., 1988] was
used, because Cabauw is located in a rural area. The aerosol
settings were as follows. In the boundary layer (0–2 km)
the relative humidity (RH) was 99% and the visibility (VIS)
was 10 km. The free tropospheric RH was 70% and VIS was
50 km. With the above LOWTRAN aerosol settings, for a
total AOT of 0.2 (at 500 nm), the DAK model provides the
layer mean values for AOT and aerosol single scattering
albedo (SSA). The boundary layer has AOT = 0.172 and
SSA = 0.986, and the free troposphere has AOT = 0.026 and
SSA = 0.964. With the same RH and VIS settings, the
aerosol correction LUT (Gaer) was created for AOT values
of 0.1, 0.2 and 0.3 at 500 nm. The MLS water vapor profile
(IWV = 2.96 cm) is used in the aerosol correction LUT.
[31] To find the simulated irradiance Gsim from the three

LUTs, first the reference irradiance is interpolated from
the reference irradiance LUT using COT, re, and m0, leading
to Gsim_ref. Then, the aerosol correction of the reference
irradiance, DGsim_aer, is calculated by interpolating DGaer =
Gaer − Gref as a function of AOT, COT, re, and m0. Next, the
integrated water vapor correction of the reference irradiance,
DGsim_iwv, is calculated by interpolating DGiwv = Giwv −
Gref as a function of IWV, COT, re, and m0. Finally,
the simulated global irradiance is the sum of the three
terms, namely,

Gsim ¼ Gsim ref þDGsim aer þDGsim iwv: ð3Þ

2.4. Surface Radiation Measurements

[32] Surface radiation measurements at the Cabauw
BSRN site were used in this closure study. This means
that the radiation measurements used for the closure study
were made according to the highest available standards
[Ohmura et al., 1998; McArthur, 2004]. The estimated
uncertainties in the direct, diffuse, and global irradiance,
as achieved by BSRN in 1995, are ±2 W/m2, ±5 W/m2, and
±5 W/m2, respectively. These values represent calibration
uncertainties, which mean that operational uncertainties,
referring to field conditions, are generally larger. Shi and
Long [2002] estimated the operational uncertainties for
BSRN‐type measurements to be typically ±(14 ± 6) W/m2

for the direct irradiance and ±(9 ± 3) W/m2 for the dif-
fuse irradiance.
[33] The simulated global irradiances (Gsim) were com-

pared with the instantaneous BSRN measurements (Gmeas).

The DAK simulated global irradiances were calculated at
the mean of the LWP measurement time in a 4 min interval.
The BSRN data were linearly interpolated to the mean of the
LWP measurement time. Because of the high time resolu-
tion of the BSRN measurements (1 min), the effect of the
temporal interpolation is small. The difference between
simulated and measured global irradiances at this time
represents the radiative closure:

DG ¼ Gsim � Gmeas: ð4Þ

According to the uncertainty of the BSRN measurements,
for a good closure DG should be less than 12 W/m2, i.e., the
accuracy of the diffuse irradiance for instantaneous data.

3. Results

[34] For the period of May 2008 to May 2009, between
0700 and 2000 local time, there are 28470 cloud fraction
data points from the NubiScope measurements. After the
selection steps 1–3, 2258 overcast, nonprecipitating 10 min
interval cases remain, where the ice clouds are 1474 cases
and water clouds are 691 cases. 93 cases cannot be classified
because ofmissingCloudnet data. Asmentioned in section 2.1,
the 10 min interval water cloud cases are redefined to 4 min
interval cases to be used in the radiative transfer calcula-
tions. After selection steps 4 and 5 we have 639 4 min
interval cloud cases on 9 days in the period May 2008 to
May 2009 and on 30 January 2007. The closure analysis
results for the 639 cases are presented in Table 3. The global
irradiances, LWP and IWV for 4 November and 26 August
2008 are shown in Figure 1 as an example.
[35] There are 186 cases on 4 November 2008. As shown

in Figure 1a the global irradiance values are relative low and
have small variations. The variation of the global irradiance
mainly follows the variation of the solar zenith angle. The
range of m0 for these cases is [0.252, 0.383]. Although the
COT is only about 10–15 on this day, the global irradiance
values are quite low due to the large solar zenith angle.
Figure 1e shows the LWP and IWV for these cases. The
range of LWP is [49.78, 81.28] g/m2 with a mean value and
standard deviation of 58.22 g/m2 and 6.37 g/m2, respec-
tively. The range of the IWV is [1.77, 1.87] cm, with a mean
of 1.83 cm and a standard deviation of 0.02 cm. Some
simulations between 1200 and 1300 UTC are excluded
because of the presence of cirrus clouds above the water
clouds. The difference between the simulated and measured
global irradiances is 3 W/m2 with a standard deviation of

Table 3. Mean Differences (hDGi) Between the Simulated (Gsim) and Measured (Gmeas) Global Irradiances for All the Cloudy Casesa

Date Gmeas (W/m2) hDGi (W/m2) s (W/m2) R Minimum m0 Maximum m0 N Case

30 Jan 2007 87.2 4.4 6.1 0.974 0.251 0.348 157 1–157
15 Jul 2008 61.3 14.9 4.1 0.980 0.285 0.433 11 158–168
26 Aug 2008 110.5 11.1 16.5 0.957 0.261 0.745 88 169–256
28 Aug 2008 155.1 23.4 19.5 0.948 0.355 0.738 63 257–319
29 Aug 2008 112.7 −3.2 11.5 0.977 0.351 0.628 35 320–354
24 Sep 2008 73.0 1.0 13.2 0.923 0.252 0.411 28 355–382
6 Oct 2008 138.5 −3.7 16.3 0.878 0.410 0.540 43 383–425
7 Oct 2008 126.3 0.4 15.4 0.889 0.481 0.535 28 426–453
4 Nov 2008 110.8 2.6 8.2 0.935 0.252 0.383 186 454–639
All 109.5 5.6 14.0 0.949 0.251 0.745 639 –

aHere s is the standard deviation of hDGi, R is the correlation coefficient, and N is the number of cases per day and in total.
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8 W/m2. The correlation coefficient between the simulated
and measured global irradiances is 0.935 (see Figure 1c).
[36] As shown in Figure 1b, on 26 August 2008 the var-

iation of the global irradiance (88 cases) is larger than that
on 4 November. Figure 1f illustrates that on 26 August LWP
(IWV) values are larger and are more variable than the LWP
(IWV) on 4 November. According to the TSI images the
clouds on 26 August are not as homogeneous as the clouds
on 4 November. Between 1200 and 1400 UTC there are
no simulations because of the presence of broken clouds;
this can be seen from the increase in global irradiance and
decrease in cloud water path. Other missing cases in the
simulations are due to the presence of cirrus clouds above

the water clouds. Between 1400 and 1600 UTC, the simu-
lated global irradiances have a positive bias. The bias might
be due to the uncertainty of the effective radius. At the
MODIS overpass time, around 1330 UTC, there are broken
clouds; consequently re derived from these clouds might
not reflect the particle size for the clouds present later in the
day. The difference between the simulated and measured
global irradiances is 11 W/m2 with a standard deviation
of 16 W/m2. The simulated and measured global irradiances
have a good correlation with a correlation coefficient of
0.957 (see Figure 1d).
[37] As presented in Table 3, 67% of the cases are on

30 January 2007, 26 August 2008 and 4 November 2008.

Figure 1. Results for (a, c, e) 4 November and (b, d, f) 26 August 2008. Figures 1a and 1b show the
global irradiances from BSRN measurements at Cabauw (solid line) and the DAK simulations (solid cir-
cles). Figures 1c and 1d show scatterplots of simulated versus measured global irradiances. The solid line
indicates the one‐to‐one line. Figures 1e and 1f show the cloud liquid water paths (solid line, left y axis)
and integrated water vapor columns (dotted line, right y axis).
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The bias and standard deviation are smaller on 30 January
2007 and 4 November 2008 than on other days. The lowest
correlation coefficient between simulated and measured
global irradiances is 0.878. The largest hDGi (23.4 W/m2)
occurs on 28 August 2008 with the standard deviation of
19.5 W/m2. However, the correlation coefficient on this day
is still high, 0.948. This suggests that the cloud variations
are characterized properly by the LWP. Most probably re is
too large, thus the COT is too small. If there would have
been a large error in LWP, a similar bias might occur on
other days.

[38] For the complete set of 639 cases, the cloud liquid
water path and integrated water vapor span a wide range,
because the cases occur in summer and winter. The dis-
tributions of LWP, IWV, COT and m0 are shown in Figure 2.
The LWP varies from 30 to 400 g/m2 but 57% of the values
are less than 100 g/m2. The mean LWP is 106.2 g/m2 with a
standard deviation of 58.9 g/m2. The COT distribution is
very similar to the LWP distribution, with a mean of 20.1
and standard deviation of 9.7. The range of re is 6.5–10 mm
with a mean of 7.9 mm. The IWV range is from 0.7 to 3.1 cm.
The mean and standard deviation of IWV are 1.9 cm and

Figure 2. Histograms of (a) cloud liquid water path (LWP), (b) integrated water vapor column (IWV),
(c) cloud optical thickness (COT), and (d) cosine of solar zenith angle (m0) for all the cloud cases.

Figure 3. (a) Time series of the simulated (Gsim) and measured (Gmeas) global irradiances and the dif-
ferences DG = Gsim − Gmeas (right y axis) for all the selected cases. (b) Scatter density plot of simulated
and measured global irradiances for all the selected cases. The color indicates the number of the cases on a
logarithmic scale. The dashed line is the one‐to‐one line.
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0.7 cm, respectively. The solar zenith angles are between 41°
and 75°.
[39] The global irradiances for all the cases are chrono-

logically presented in Figure 3a and the scatter density plot
is shown in Figure 3b. The case number for each day is
given in Table 3. The largest differences appear close to case
number 200 and 300 on 26 and 28 August 2008. The best
closures occur at case numbers 1–150 and 450–639. The
simulated global irradiances and BSRN measurements are in
good agreement for most cases, especially for the lower
irradiance values. The mean difference hDGi is 6 W/m2

(5%) and the standard deviation s is 14 W/m2 (13%). This is
a good closure result when compared to the BSRN mea-
surement accuracy (see section 2.4). As shown in Figure 3b
the largest number density in the scatterplot is close to the
one‐to‐one line. There are a few outliers at high irradiance
values. The distribution of the global irradiance differences
DG and its Gaussian fit are illustrated in Figure 4. The
mean, standard deviation and full width half maximum
(FWHM) of the Gaussian fit are 1.9, 10.1 and 23.7 W/m2,
respectively. The mean and standard deviation of the
Gaussian fit are smaller than hDGi and s, respectively,
which indicates that a few large DG values contribute sig-
nificantly to the mean and standard deviation.

[40] We also examined the dependence of DG on COT
and m0. As shown in Figure 5, DG does not depend on the
COT and m0, although at large m0 some simulated values are
larger than the BSRN measurements. Since there are only a
few measurements at large m0, we cannot conclude that the
correlation between DG and m0 is statistically significant.

4. Sensitivity Study and Discussion

[41] In the sensitivity study of this section we investigate
the effects of cloud properties, aerosols, water vapor and
surface albedo on the global irradiances and try to quantify
the uncertainty of the simulated global irradiances. Because
we use separated correction LUTs for water vapor and
aerosols, also a sensitivity study of the accuracy of this
approach is performed.

4.1. Effect of Cloud Properties

[42] Simulations of the global irradiance at m0 = 0.5 are
shown in Figure 6 for different values of COT and re. The
global irradiance at the surface decreases with increasing
cloud optical thickness and slightly increases with increas-
ing effective radius. For the selected cloud cases the COT
range is 10–60 and the range of re is 6–10 mm. As shown in
Figure 6, in these COT and re ranges the global irradiance is
more sensitive to COT than to re. Therefore the errors in
COT cause the largest uncertainty in global irradiances. In
our simulations re has two effects on the global irradiances:
[43] 1. The scattering matrix depends on re. Large parti-

cles have a stronger forward scattering peak than small
particles; therefore the global irradiance is larger for large re.
[44] 2. Because re is used to calculate the COT with

equation (1), the error in re directly leads to an error in COT.
These two effects are further discussed in section 4.6 with
DAK simulations.
[45] The MODIS near‐infrared bands at 1.6 mm, 2.1 mm

and 3.75 mm are sensitive to the cloud droplets at different
depths within the cloud [Platnick, 2000]. The effective
radius retrieved from the 3.75 mm band is close to the
droplet size at the top of the cloud. The 2.1 mm and 1.6 mm
bands are more sensitive to the droplets deeper inside the
cloud. For water clouds, especially nonprecipitating water
clouds, the effective radius almost linearly increases from
cloud base to cloud top [Miles et al., 2000; Chen et al.,

Figure 4. Distribution of the differences between simu-
lated and measured global irradiances (DG) for all the
selected cases and the Gaussian fit. The unit for the center,
standard deviation, and full width half maximum (FWHM)
is W/m2.

Figure 5. The differences between the simulated and measured global irradiances (DG) as a function of
(a) cloud optical thickness (COT) and (b) cosine of solar zenith angle (m0) for all the selected cases.
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2008]. Therefore, re values from the 2.1 mm band are more
suitable for being used to calculate COT for the cloud layer
than re values from the 3.75 mm band.
[46] We only have one or two effective radii from MODIS

per day to calculate the optical thickness for the cases with
several hours’ time difference (normally less than 6 h). One
of the critical assumptions is that the variation in the
effective radius is small and the variation in the global
irradiance is dominated by the variation in the liquid water
path. This assumption is confirmed by Sengupta et al.
[2003]. Using 1 year of overcast cloud cases at the SGP/
ARM site, they find that surface radiation has a higher
sensitivity to cloud liquid water path variations than to cloud
droplet effective radius variations. Liquid water path varia-
tions can cause three times more variation in optical thick-
ness than effective radius can. They explain that this higher
sensitivity of solar irradiances to liquid water path is a result
of the regimes of natural occurrence of cloud liquid water
paths and cloud droplet effective radii. In our cloud cases,
the maximum value of re is only 1.6 times its minimum

value, while the maximum value of LWP is 12 times its
minimum value.
[47] The cloud height has a very small effect on the global

irradiance (G) at the surface. Schmetz [1993] has demon-
strated that the surface net flux (NETsrf) decreases from
616 W/m2 for a thin cloud (COT = 5.7) at 1 km to 604 W/m2

for the same cloud at 13 km assuming a surface albedo (a)
of 0.2 and m0 = 1. According to Schmetz [1993], NETsrf =
(1 − a) * G. In our case the cloud top heights are mainly
below 2 km, therefore the cloud top height differences
between the DAK model setting and the actual cloud top
height could be about 1 km. Additionally, the global irra-
diances are relative low (<300 W/m2) in our case due to the
large COT and small m0. Therefore, we estimate that the error
due to the fixed cloud height in our closure study is less than
1 W/m2. The geometric thickness of the single cloud layer is
not important because in the DAK model the calculations are
performed according to the optical thickness of every model
layer. Although cloud layers are often thinner than 1 km
[Crewell et al., 2009], the assumptionof a cloud layer at 1–2 km
does not cause a significant uncertainty, whereas the LUTs
are much simpler with a fixed cloud layer height.

4.2. Effect of Aerosols

[48] For cloudy cases the vertical distribution of aerosols
is more important than for clear sky cases, because the long
scattering light path inside the clouds can enhance the small
absorption by the aerosols. Using the LOWTRAN aerosol
profile, the boundary layer aerosol is half inside the cloud
layer and half below the cloud layer. In terms of absolute
values, the effect of aerosols on the global irradiance is more
pronounced in the clear‐sky cases than in the cloudy cases.
At m0 = 0.42, changes in AOT of ±0.02 lead to changes in
the global irradiance of ±5.2 W/m2 for clear‐sky cases and
of ±0.44 W/m2 for cloudy cases (see Table 5).
[49] According to the daily Absorbing Aerosol Index

images from GOME‐2 (Global Ozone Monitoring Experi-
ment; see http://www.temis.nl/airpollution/absaai) there are
no elevated absorbing aerosols (e.g., smoke or desert dust)
present in the selected cases, so we can only consider rural
or industrial types of aerosol, which are mainly in the
boundary layer. Probably it is reasonable to use the rural
aerosol type in this closure study. The cloud particle size in

Figure 6. (a) Global irradiance at the surface varied as a function of effective radius (re) for different
cloud optical thicknesses (t) for water clouds. (b) Global irradiance at the surface varied as a function
of t, for different values of re (in mm). In both plots, m0 = 0.5.

Figure 7. Sensitivity of global irradiance to AOT as a func-
tion of m0. DGaer is the difference between the global irradi-
ance calculated with AOT = 0.1 (circles labeled A and D),
0.2 (triangles labeled B and E), and 0.3 (squares labeled C
and F) and the global irradiance calculated with AOT = 0,
for cloud optical thickness of 10 (symbols A‐C) and 32
(symbols D‐F). re = 8 mm.
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polluted clouds is usually smaller than in clean clouds
[Miles et al., 2000]. Peng et al. [2002] showed that the
effective radius measured from stratiform water clouds in
the RACE and FIRE.ACE campaigns was 4.2 ± 1.4 mm for
polluted cloud cases and was 9.0 ± 2.3 mm for clean cloud
cases. For our cloud cases the smallest re is 6.5 mm, which
suggests that the clouds are not very polluted.
[50] Figure 7 shows the differences between calculated

global irradiances with aerosols and without aerosols, DGaer

(= Gaer − Gref), for COT = 10 and 32, respectively, as a
function of m0. The Gaer values are taken from the aerosol
correction LUT with AOT of 0.1, 0.2 and 0.3. With aerosols
the simulated global irradiances are smaller than without
aerosols. As shown in Figure 7, at m0 = 0.5, the largest
DGaer is about −6 W/m2. The absolute differences are larger
at large m0 and low COT, because the irradiances are larger.
The relative differences are larger at small m0 (not shown in
Figure 7) and large COT because the light paths are longer
at small m0 and large COT. The radiative effect of aerosols
in cloudy skies occurs mainly due to the absorption by
aerosols, which causes a lower total single scattering albedo
of the cloud layer than that of clean clouds (without aero-
sols). Small absorptions are amplified because of long light
paths due to the multiple scattering processes inside clouds.
For the same m0, COT and re, the aerosol effect DGaer is
nearly a linear function of AOT (see Figure 7), and therefore
we can easily correct for the aerosol effect if the AOT is
known from measurements or a climatology.

[51] To further test the effect of aerosol absorption on the
global irradiance of cloudy skies, we changed the aerosol
profile and thereby the total SSA of the cloud layer. We
thereto calculated the global irradiances, Gaer_new, with dif-
ferent aerosol settings, namely AOT = 0.2 at 500 nm, in the
boundary layer RH = 70% and VIS = 23 km, and in the free
troposphere RH = 70% and VIS = 23 km. For COT = 10 and
re = 10 mm, these new aerosol settings led to a total cloud
layer SSA of 0.99916 at 554.8 mm, while the total cloud
layer SSA is of 0.99973 for the standard aerosol settings
used for the LUT of Gaer. So there is more absorption in the
cloud layer with the new aerosol settings than with the
standard aerosol settings. For the same cloud (COT = 10 and
re = 10 mm) at m0 = 0.5, DGaer_new ( = Gaer_new − Gref) is
−6.7 W/m2 while the corresponding DGaer is −4.0 W/m2.
This confirms that the aerosol properties, such as AOT and
SSA, are of importance if we aim for an accuracy of a few
W/m2 in the radiative closure of cloudy skies. The lack of
simultaneous aerosol measurements is a shortcoming of this
cloudy closure study.

4.3. Effect of Water Vapor

[52] The effect of water vapor on the global irradiance of
cloudy skies is shown in Figure 8. There the differences
between global irradiances (Giwv) with IWV = 0.5, 1, 2 cm
and global irradiances (Gref) with IWV = 2.96 cm, denoted
by DGiwv = Giwv − Gref, is plotted as a function of m0. For a
cloudless atmosphere, the water vapor column has almost no
effect on the diffuse irradiance [Wang et al., 2009a]. The
effect of water vapor on the global irradiance for cloudy
atmospheres is due to the enhanced light path in the cloud
and therefore enhanced absorption by water vapor. Because
of the enhanced water vapor absorption, the global irradi-
ance is always reduced. The largestDGiwv occurs at large m0

and small COT because the global irradiances are largest
there. Within the measured IWV and AOT ranges in Cabauw
in this closure study, which are IWV of [0.7, 3.1] cm and
AOT of [0.1, 0.3], DGiwv is usually larger than DGaer in
absolute value.

4.4. Uncertainties due to Separated Aerosol and Water
Vapor Corrections

[53] In principle, the global irradiance is a function of the
variables m0, COT, re, IWV, and AOT. In the aerosol and
water vapor correction LUTs we varied AOT and IWV
separately and assumed a fixed value for IWV (2.96 cm)
when calculating Gaer and a fixed value for AOT (0) when
calculating Giwv. The advantages of separated corrections
are the reductions in calculation time and size of the LUTs.
However, we have to demonstrate that the separation of
aerosol and water vapor corrections does not introduce a

Figure 8. Sensitivity of the global irradiance to integrated
water vapor column (IWV) as a function of m0. DGiwv is
the difference between the global irradiance calculated with
IWV = 0.5 (circles labeled A and D), 1 (triangles labeled B
and E), and 2 cm (squares labeled C and F) and the global
irradiance calculated with IWV = 2.96 cm, for cloud optical
thickness of 10 (symbols A‐C) and 32 (symbols D‐F). re =
8 mm.

Table 4. Summary of the Experiments for the Uncertainty of Separated Aerosol and Water Vapor Correctionsa

Experiment

A: DGiwvaer = Giwvaer(AOT = 0, IWV = x)
− Giwvaer(AOT = 0.2, IWV = x)

B: DGiwvaer = Giwvaer(IWV = 1, AOT = y)
− Giwvaer(IWV = 4, AOT = y)

1 2 3 4 5 6 1 2 3 4 5 6

x (cm) 0.5 2 4 0.5 2 4 – – – – – –
y – – – – – – 0 0.1 0.2 0 0.1 0.2
COT 10 10 10 32 32 32 10 10 10 32 32 32

aThe effective radius is 8 mm for the experiments.
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large error. Therefore, we calculated the global irradiances
with all the possible aerosol, water vapor and cloud com-
binations, denoted by Giwvaer, using AOT = 0.1, 0.2, 0.3,
IWV = 0.5, 1, 2, 4 cm, COT = 10 and 32, and re = 8 mm.
Two numerical experiments, A and B, were designed to
test the effects of IWV on DGaer and the effect of AOT
on DGiwv. The experiments are summarized in Table 4.
For experiment A, Giwvaer was calculated for COT = 10
(cases A1–A3) and 32 (cases A4–A6) with re = 8 mm to
represent thin and thick clouds. For each COT, DGiwvaer =
Giwvaer(AOT = 0, IWV = x) − Giwvaer(AOT = 0.2, IWV = x)
was calculated using x = 0.5, 2, and 4 cm. Figure 9a shows
the results for DGiwvaer as a function of m0. Indeed, for the
cases with the same COT, DGiwvaer values calculated with
different IWV are very similar for given m0. The effect
of IWV onDGiwvaer decreases with the decrease of m0 and is
smaller for thick clouds than for thin clouds. The uncertainty
for aerosol correction with a fixed IWV = 2.96 cm is overall
less than 1 W/m2 and less than 0.5 W/m2 for small m0.
[54] The same approach was used to test the impact of the

AOT on the correction of IWV for Gref. For experiment B,
DGiwvaer was calculated for COT = 10 (cases B1–B3)
and 32 (cases B4–B6), with re = 8 mm. For each COT,
DGiwvaer = Giwvaer(IWV = 1, AOT = y) − Giwvaer(IWV = 4,
AOT = y) was calculated using y = 0, 0.1, and 0.2. Figure 9b
shows the results for DGiwvaer as a function of m0. For the
experiments with the same COT, DGiwvaer values calculated
with different AOT are very similar for a given m0. The
effect of AOT on DGiwvaer is less than 0.5 W/m2. The
results show that the correction of Gref for water vapor using
a fixed AOT is accurate and that the uncertainty due to
the chosen correction approach, with AOT = 0, is small. The
numerical results in Figure 9 demonstrate that our approach
of separated corrections of aerosols and water vapor for
the reference global irradiances is appropriate. The uncer-
tainty in the simulated global irradiances due to the sepa-
rated correction approach is overall less than 1 W/m2.

4.5. Effect of Surface Albedo

[55] In order to investigate the effect of the surface albedo
on the global irradiance we simulated the global irradiances

using surface albedo values from the three different grass
spectra mentioned in section 2.2.4 (Grass‐Fescue‐Wheat
YNP‐FW‐1, YNP‐FW‐2, YNP‐FW‐3). Here the grass
spectra are noted as FW1, FW2, and FW3. The grass spectra
FW1–FW3 and the grass spectrum used in the DAK LUT
calculations (indicated as Org.) are shown in Figure 10a. For
comparison, the climatological MERIS surface albedo
spectra at Cabauw for January and July are also presented
in Figure 10a. The original grass albedo spectrum used in
DAK is comparable to the MERIS surface albedo spectra.
The MERIS surface albedo spectrum is different in January
and July and the seasonal variations of the MERIS surface
albedo are also different at different wavelengths. For the
wavelengths longer than 885 nm the original surface albedo
values are lower than the values from the FW1–FW3 grass
spectra. However, we do not have MERIS surface albedo
values at these longer wavelengths.
[56] The differences between the global irradiances cal-

culated using the grass reflectance spectra FW1–FW3 and
the original grass spectrum, DGalb ( = Galb − Gref), are
shown in Figure 10b for COT = 10 and 32, respectively, as a
function of m0. The effective radius is 8 mm. In Figure 10b,
cases A and D use grass spectrum FW1, cases B and E use
grass spectrum FW2, and cases C and F use grass spectrum
FW3. In general the absolute values of DGalb are smaller at
small m0 and become larger at large m0. The largest differ-
ences are [−9.7, 3.1] W/m2 at m0 = 1, while at m0 = 0.5, the
differences are [−3.3, 0.9] W/m2. Using FW1 and FW2,
DGalb is similar for COT = 10 and 32. Using FW3, the
absolute value of DGalb is smaller for COT = 32 and larger
for COT = 10. If the surface albedo is larger, the global
irradiance is larger due to the enhanced multiple scattering
and reflection between clouds and surface.DGalb is negative
for cases A, B, D, and E because the original surface albedo
is brighter than the FW1 and FW2 spectra at the wave-
lengths shorter than 900 nm and the solar irradiance is larger
in the UV and visible wavelengths than in the infrared. For
cases C and F, the original surface albedo is lower than FW3
at wavelengths shorter than 700 nm and larger than FW3
at 700–900 nm; therefore DGalb responds differently to thin
and thick clouds. This sensitivity study suggests that the

Figure 9. Sensitivity of the global irradiance to a simultaneous variation of IWV and AOT. (a) DGiwvaer

is the difference in global irradiance between AOT = 0 and 0.2 for cases with IWV = 0.5 (circles labeled
A1 and A4), 2 (triangles labeled A2 and A5), and 4 (squares labeled A3 and A6) cm. (b) DGiwvaer is the
difference in global irradiance between IWV = 1 and 4 cm for cases with AOT = 0 (circles labeled B1 and
B4), 0.1 (triangles labeled B2 and B5), and 0.2 (squares labeled B3 and B6). Cloud optical thickness is 10
and 32. re = 8 mm.
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surface albedo spectrum is important for an accurate simu-
lation of the global irradiance for cloudy cases. This is even
more relevant when realizing that the surface albedo has a
seasonal dependence. A better solution for the surface
albedo would be to use spectral albedo measurements at the
same site. For example, a combined MERIS and MODIS
surface albedo climatology covering the shortwave spectral
range would be closer to the actual surface albedo than a
surface albedo spectrum taken from a typical surface type.
Because we do not have spectral surface albedo measure-
ments of Cabauw for the full shortwave range, we could not
correct the effect of the surface albedo on the global irra-
diances. For the cases on 30 January 2007 and 4 November
2008, m0 is relative small; therefore, we estimate that the
effect of the surface albedo spectrum on the global irradi-
ance is small.

4.6. Uncertainties in the Cloudy Sky Closure

[57] As we have discussed above, the largest errors in the
cloudy sky irradiance calculations come from COT errors,
so the errors of LWP and re are the main error sources in the
closure study. The uncertainty in LWP and IWV from the
MWR depends on the calibration of the channels used for
the retrieval. The highest error occurs when both channels
have an offset error of 1 K but with opposite sign, yielding a
31 g/m2 (1 kg/m2) error in the mean LWP (IWV) [Crewell
and Loehnert, 2003]. Because calibration errors in the two
channels are often positively correlated, it is favorable to
have the same sign in both channels giving an overall error
of 16 g/m2 (0.4 kg/m2) [Crewell and Loehnert, 2003]. The
retrieval error in the MODIS re values can be 1–3 mm [King
et al., 1998]. The uncertainty of the AERONET AOT is
about 0.01–0.02 [Dubovik et al., 2000]. Here we use the
standard deviation of the yearly mean AOT at Cabauw (0.1)
as the uncertainty to account for the deviation of the yearly
mean AOT from the actual AOT.
[58] Given the uncertainties and possible variations in

LWP, re, IWV and AOT, we calculated global irradiances by
varying these parameters separately, within their respective
uncertainty limits, and compared the calculated irradiances

with those of the reference case. The reference case has the
mean parameters of all the selected cloud cases. The results
of the sensitivity study are summarized in Table 5.
[59] Case 1 reflects the worst case uncertainty in the LWP,

±30 g/m2; in our measurements the error is most probably
not more than half of that uncertainty. Therefore case 2
shows the more reasonable uncertainty of LWP, ±16 g/m2;
the resulting changes in global irradiance are −10.2 and
+11.8 W/m2 at m0 = 0.42. Not only LWP, but also re
influences COT. Therefore, in case 4 we estimate the change
in global irradiance due to the influence of re on COT.
By contrast, in case 3 re influences only the scattering
matrix but not COT. For re ± 2 mm, the changes in global
irradiance are +2.2 and −3.7 W/m2 in case 3 and +18.9 and
−23.6 W/m2 in case 4. Case 5 is similar to case 4 but with
re ± 1 mm, therefore the changes in global irradiance are

Table 5. Sensitivity of Global Irradiance (G) to Variations in
LWP, re, COT, IWV, and AOT Within Their Uncertainty Limitsa

Experiment
Parameter
Variation COT

G − Gref (W/m2)

m0 = 0.259 m0 = 0.42 m0 = 0.866

1a LWP + 30 g/m2 25.9 −8.6 −17.5 −54.8
1b LWP − 30 g/m2 14.5 12.0 24.5 77.0
2a LWP + 16 g/m2 23.2 −5.0 −10.2 −32.0
2b LWP − 16 g/m2 17.1 5.8 11.8 37.0
3a re + 2 mm 20.1 1.1 2.2 7.1
3b re − 2 mm 20.1 −1.8 −3.7 −11.6
4a re + 2 mm 16.1 9.2 18.9 59.6
4b re − 2 mm 27.0 −11.5 −23.6 −74.0
5a re + 1 mm 17.9 4.8 9.7 30.7
5b re − 1 mm 23.1 −5.6 −11.4 −35.8
6a COT + 0.1 20.2 −0.2 −0.4 −1.1
6b COT − 0.1 20.0 0.2 0.4 1.1
7a AOT + 0.1 20.1 −1.1 −2.2 −6.4
7b AOT − 0.1 20.1 1.1 2.2 6.3
8a IWV + 0.5 cm 20.1 −0.2 −0.3 −0.9
8b IWV − 0.5 cm 20.1 0.2 0.3 0.9
Reference – 20.1 64.44 129.95 399.10

aIn the reference case LWP = 106.2 g/m2, re = 7.9 mm, COT = 20.1, IWV =
1.9 cm, and AOT = 0.23. Global irradiance values for the reference case
(Gref) at m0 = 0.259, 0.42, 0.866 are 64.44, 129.95 and 399.10 W/m2.

Figure 10. (a) The grass reflectance spectra FW1, FW2, and FW3; the surface albedo spectrum used to
generate the LUTs (“Org.”); and the MERIS surface albedo climatology for Cabauw in January and July.
(b) Sensitivity of the global irradiance to surface albedo as a function of m0. DGalb is the difference
between the global irradiance calculated with grass reflectance spectrum FW1 (circles labeled A
and D), FW2 (triangles labeled B and E), and FW3 (squares labeled C and F) and the global irradiance
calculated from the reference LUT, for cloud optical thickness of 10 (symbols A‐C) and 32 (symbols D‐F).
re = 8 mm.
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reduced to +9.7 and −11.4 W/m2. In cases 6 and 7, the total
optical thickness (COT + AOT) is varied by ±0.1, but case
6 involves a change of ±0.1 in COT, which causes mainly
scattering, whereas case 7 involves a change of ±0.1 in
AOT, which leads to more absorption. The global irradiance
varies ±0.4 W/m2 in case 6 and ±2.2 W/m2 in case 7. These
results clearly show that to simulate the global irradiance
within a few W/m2, not only the total optical thickness
(AOT + COT) should be right, but also the aerosol
absorption contribution should be correct. Finally, case
8 shows that the global irradiance error due to the uncer-
tainty in IWV (±0.5 cm) is small (±0.3 W/m2).
[60] Assuming the LWP error of ±16 g/m2 (case 2), re

error of ±1 mm (case 5), AOT error of ±0.1 (case 7), and
IWV error of ±0.5 cm (case 8), we get a total calculated
uncertainty of ±15 W/m2 for the simulated global irradiance
at m0 = 0.42, which is very close to the uncertainty of the
achieved closure (hDGi) of 14 W/m2 (see section 3).
Assuming larger errors in LWP and re, namely a LWP error
of ±30 g/m2 and a re error of ±2 mm, the total uncertainty
of the simulated global irradiance becomes ±30 W/m2 at
m0 = 0.42. So the uncertainty of the achieved closure is
well within the measurement errors of the input parameters
to the DAK model. Moreover, the mean difference between
the simulated and measured global irradiances, being 6 W/m2

(see section 3), is within the error of BSRN measurements
(see section 2.4). Therefore, we can conclude that the closure
is achieved and the DAK model is validated by the BSRN
measurements for both clear‐sky [Wang et al., 2009a] and
overcast, homogeneous, single‐layer water cloud cases.

5. Conclusions

[61] A shortwave radiative closure analysis has been
performed for overcast, single‐layer, homogeneous water
clouds over Cabauw, the Netherlands. The selection of
cloudy sky cases, based on a large number of ground‐based
and satellite instruments, was a very important aspect of the
cloudy radiative closure study. The selection of cloud cases
was automatic and objective. The selected cases were
overcast skies with nonprecipitating, single‐layer water
clouds. The homogeneity of the clouds was mainly checked
from images; we did not have strict criteria for the homo-
geneity of clouds.
[62] In this closure study we used the Doubling‐Adding

KNMI (DAK) code for the simulation of global irradiances.
Instead of simulating every case individually, we used a
look‐up table (LUT) approach. The reference irradiance
LUT was generated with varied cloud properties and fixed
integrated water vapor column and no aerosols. The devia-
tions of actual water vapor and aerosols to the values used in
the reference irradiance LUT were corrected using the water
and aerosol correction LUTs. To reduce the size of the
LUTs, we used the midlatitude summer atmospheric profile
and scaled the water vapor profile to the actual integrated
water vapor column. The cloud layer was fixed at 1–2 km.
For the DAK simulations, the input data were taken from
operational remote sensing products or climatological data:
liquid water path and integrated water vapor column from
microwave radiometers, effective radius from MODIS and
aerosol information from the AERONET climatology. The
LUT approach is suitable for the simulations of the global

irradiances for these relatively simple cloud cases. The
LUT approach is fast and can be applied to more cases and
other sites.
[63] For 639 cloud cases on 9 days between May 2008

and May 2009 and on 30 January 2007, the mean difference
between the simulated and measured global irradiances is
6 W/m2 with a standard deviation of 14 W/m2. The corre-
lation coefficient is 0.949. For the best cases, such as on
4 November 2008, the mean difference between the simu-
lated and measured global irradiances is 3 W/m2 with a
standard deviation of 8 W/m2. Thus the global irradiances
simulated by the DAK model have a very good agreement
with the measured global irradiances and the closure is
achieved. The good agreement between the simulated and
measured global irradiances suggests that the uncertainty of
the BSRN global irradiances could be better than ±9 W/m2,
especially for the mean of the global irradiances. Because
the selected cloud cases span a large range of solar zenith
angles (41–75°), cloud liquid water paths (30–400 g/m2),
and integrated water vapor columns (0.7–3.1 cm), the clo-
sure analysis covers the typical overcast homogeneous,
single‐layer, water cloud cases for Cabauw. The DAK
radiative transfer model has been validated using BSRN
measurements for both clear‐sky and overcast homogeneous
single‐layer water cloud cases. This is only a first step for
our model validation. We plan to perform more closure
studies for other cloud types and at different BSRN sites.
Then we can use DAK to validate the radiation calculations
in climate models.
[64] We investigated the effects of cloud properties,

aerosols, water vapor and surface albedo on the global ir-
radiances and the radiative closure. The cloud optical
thickness, derived from liquid water path and effective radius
of cloud particles, is the most important piece of information
for the closure study, because it largely determines the
magnitude of the simulated global irradiances. In order to
achieve a shortwave closure within a fewW/m2, high‐quality
water vapor and aerosol data are also needed. The impact of
surface albedo on the cloudy closure could be of a similar
magnitude as that of aerosols.
[65] In our closure study the main uncertainty is the

effective radius, especially since we only have one or two
measurements per day from MODIS. Even if the effective
radius retrieval error can be neglected, the effective radius
still has temporal and spatial variability. The achieved good
closure is due to the relatively stable nature of stratiform
clouds. The lack of aerosol and surface albedo measure-
ments is another weakness of the closure study. The closure
for the overcast cases could be improved in the following
aspects: (1) use of retrieved effective radius information
from suitable cloud radar measurements; (2) use of aerosol
properties from in situ measurements on the ground; and
(3) use of spectral surface albedo from combined MERIS
andMODIS products, providing surface albedo values at more
wavelengths in the shortwave. With these extra measure-
ments the uncertainty of the closure could be further reduced.
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