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by

A state-of-the-art array of scanning remote sensing and in situ instruments aims to provide
insight into the transition of water vapor to clouds and clouds to precipitation under the
influence of different forcing conditions.
Understanding when, where, and why clouds begin to
form, precipitate, and dissipate is essential for improving their representation in both climate and numerical
weather prediction models (Zhang et al. 2005; Walser
et al. 2004). Specifically, a deeper insight in boundary layer cloud evolution is necessary for quantifying
the effects of these clouds on climate through their
coupling to large-scale circulation (Stevens and Bony
2013) and their interaction with solar and terrestrial
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radiation (Turner et al. 2007; Lohmann and Feichter
2005) as well as for improving precipitation prediction
(Khairoutdinov and Randall 2006; Wood et al. 2009).
Boundary layer cloud development depends on many
factors including dynamics (i.e., large-scale forcing
and/or turbulence), thermodynamics (water vapor,
temperature, phase transition), and aerosols as well
as interactions (see “Focus on atmosphere–surface
exchange” for more information) with vegetation and
surface (Wood 2012; Jiang and Feingold 2006; Betts
2007; Lohou and Patton 2014).
The Jülich Observatory for Cloud Evolution
(JOYCE; www.geomet.uni-koeln.de/joyce) has been
recently established in order to provide a better physical understanding of these processes. JOYCE aims to
characterize the micro- and macrophysical processes
of boundary layer clouds as a result of the environments in which they form and in which they decay.
To achieve these goals, JOYCE is equipped with a
unique array of state-of-the-art remote sensing and
in situ instruments, installed at Forschungszentrum
Jülich (FZJ). FZJ is located in the most western part
of Germany (50°54ʹ31˝N, 6°24ʹ49˝E, 111 m MSL; Fig.
1), which is, according to the Köppen–Geiger climate
classification (Kottek et al. 2006), characterized by
a warm temperate, fully humid climate with warm
summers. More specifically, the 50-km periphery
is characterized by farming, open-cast coal mining
areas with major power plants and patchy settlements. Except for a forested 200-m-high mine pile
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FOCUS ON ATMOSPHERE–SURFACE EXCHANGE

J

OYCE is embedded in a scientifically highly interdisciplinary environment. The Geoverbund ABC/J
(www.geoverbund-abcj.de)—founded in 2009 and hosting JOYCE—connects the geoscience departments at
the universities RWTH Aachen, Bonn, and Cologne and
at the Forschungszentrum Jülich in order to coordinate
both scientific cooperation and university education.
The Transregional Collaborative Research Centre TR32
Patterns in Soil–Vegetation–Atmosphere–Systems
(Vereecken et al. 2010; http://tr32.de)—one of the
initiators of JOYCE—started in 2007 to investigate the
groundwater–soil–vegetation–atmosphere continuum
by integrating monitoring of system parameters, states,
and fluxes with modeling and data assimilation in order
to reach a holistic view of the terrestrial system. TR32
develops novel observations techniques and multiscale
integrated models (Shrestha et al. 2014) to predict
the evolution of regional terrestrial systems. JOYCE
is the central pillar for connecting cloud property
development and land surface–atmosphere exchange
processes. JOYCE is also embedded in the Rur catchment terrestrial observatory belonging to Terrestrial
Environmental Observatories (TERENO; Zacharias et
al. 2012; http://teodoor.icg.kfa-juelich.de) funded by the

Fig. 1. JOYCE and its location within central Europe.
Also shown: other, similar European atmospheric
observatories.
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German Helmholtz Association, which monitors and
catalogues the long-term (>10 years) ecological, social,
and economic impact of global change at the regional
level. Among many others, this interdisciplinary environment complements JOYCE observations by
• two polarimetric X-band weather radars—JuXPol
operated by TERENO located on the Sophienhöhe
mountain, a hill created from open-pit mining,
roughly 200 m above the surrounding terrain (about
3 km to the east of JOYCE) and BoXPol operated by
TR32 at the university of Bonn (about 50 km to the
southeast of JOYCE), which both allow continuous
monitoring of the temporal and spatial evolution of
precipitation in the 100-km vicinity of JOYCE;
• an MRR network accompanied by disdrometers
and rain gauges of TR32 designed to calibrate the
X-Band radars and develop precipitation retrieval
algorithms; and
• spatially high- and low-resolution in situ sensor
networks and neutron probes for monitoring soil
moisture evolution including seven eddy covariance
flux towers distributed over differently cultivated
areas offering the potential for studying atmosphere–
land surface interactions on different scales.

about 3 km away, the closest hilly, mostly forested
elevations (<500 m) are about 15 km away toward
the southwest. Monthly average temperatures are
between 3.1°C (January) and 18.1°C (July), the zonally dominated wind direction ranges from 220° to
290° about 50% of the time, and annual precipitation
has values from 440 to 1,040 mm (all values from
1992 to 2014).
JOYCE is operated jointly by the Institute for
Geophysics and Meteorology at the University of
Cologne and the Institute of Energy and Climate
Research (IEK-8) at FZJ. The measurements at JOYCE
have commenced from 2009 onward (Table 1) and it
is planned to keep them running long term into the
future (i.e., to set the stage for climate monitoring by
ground-based remote sensors). Most remote sensing
instruments are capable of full-hemispheric scanning
in arbitrary azimuth and elevation directions, which
allows a 3D view of the temporal evolution of clouds
and their environment.
JOYCE is embedded in an international network of atmospheric observatories, which focus on
detailed observations of the atmospheric column.
Within Germany, these observations are harmonized
within High Definition Clouds and Precipitation

Table 1. JOYCE key instrumentation; see also www.geomet.uni-koeln.de/joyce. Note that ∆z and ∆t denote
vertical and temporal resolutions, respectively.

Instrument
(measured since)
AERI (May 2011)

Principle
Atmospheric
Emitted Radiance
Interferometer

Ceilometer
Light detecting and
CHM15k
ranging (lidar)
(Mar 2013)
Ceilometer
Lidar
CT25K (Oct 2010)
Doppler lidar
Streamline
(Nov 2009)

Doppler lidar

HATPRO
(Jul 2010)

Passive microwave
radiometer and
broadband IR
radiometer

MIRA-36
(Mar 2011)

Polarimetric and
Doppler capable
pulsed Ka-band
cloud radar

TSI (Sep 2009)

Camera viewing a
spherical mirror
reflecting the
whole sky

Measurement
quantity
Radiance spectrum
between 3,020
and 520 cm–1
(3.3–19 µm)

Atmospheric
variables

Temperature and
humidity profiles,
aerosol type, cloud
optical depth, and
effective radius
Backscatter profiles Fixed viewing angle,
Cloud-base height,
at 1,064 nm up to
∆z = 15 m, ∆t = 15 s
mixing-layer height,
15 km
aerosol layers
Backscatter profiles Fixed viewing angle,
Cloud base height,
at 905 nm up to 7
∆z = 30 m, ∆t = 15 s
mixing layer height,
km
aerosol layers
Backscatter and
Fully scanable
Horizontal and
Doppler velocity
(elevation and azimuth), vertical wind vector
profiles at 1,500 nm ∆z = 30 m, ∆t ~ 2 s
profiles, mixing-layer
up to 9 km
height, cloud and
aerosol layers
Brightness
Fully scanable
Temperature and
temperature
(elevation and azimuth), humidity profiles,
14-channel microwave LWP, IWV, cloud-base
profiler at 22–31 and
temperature
51–58 GHz, IR channels
centered at 11.1 and
12.0 µm
Doppler spectrum,
Fully scanable
Cloud boundaries,
radar reflectivity,
(elevation and azimuth) cloud phase,
Doppler velocity,
measurements at
precipitation,
spectral width, linear 35.5 GHz, minimum
microphysical
depolarization ratio detectable reflectivity
properties
factor of ~45 dBZ
at 5-km range,
and integration
time = 0.1 s
RGB hemispheric
Cloud cover,
∆t = 20 s, ∆θ = 0.6°
image (288 × 352
hemispheric cloud
at zenith, hemispheric
pixels)
distribution, cloud
image down to 3°
type (thin or opaque)
elevation

for Advancing Climate Prediction1 [HD(CP)2]—a
research program to improve our understanding of cloud and precipitation processes and their
implication for climate prediction. Europe-wide,
these activities are coordinated within the Aerosols,
Clouds, and Trace Gases Research Infrastructure
Network (ACTRIS), which is a European project
aimed at integrating European ground-based stations equipped with advanced atmospheric-probing
instrumentation for aerosols, clouds, and short-lived
AMERICAN METEOROLOGICAL SOCIETY

Specification
Vertically staring,
∆t ~ 20 s, 5,000
channels with 1-cm–1
resolution

gas-phase species. ACTRIS and HD(CP)2 collaborate
closely with the U.S. Atmospheric Radiation Measurement (ARM) Climate Research Facility (Mather
and Voyles 2013) to ensure compatibility of data and
products to guarantee common access for weather
and climate scientists worldwide in a joint U.S.–EU
data portal.2
1
2

www.hdcp2.eu/
http://useu.ornl.gov/cap/
JULY 2015
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JOYCE is equipped with similar instrumentation
as the ARM and other ACTRIS cloud profiling sites
(Fig. 1), thus providing observations for improving
the representation of continental, midlatitude clouds
and precipitation in a humid and highly industrialized region. One distinct research focus is on the
interaction of clouds and precipitation with atmosphere–surface exchange processes (see “Focus on
atmosphere–surface exchange”) carried out within
the Transregional Collaborative Research Center
TR32 Patterns in Soil–Vegetation–Atmosphere Systems.3 This implies a need for a thorough insight on
cloud evolution within the boundary layer.
The following article is intended to provide an
overview of the JOYCE observations and to highlight
their potential for cloud-related process studies and
model evaluation.
JOYCE INSTRUMENTATION. JOYCE combines several key remote sensing instruments (Fig.
2; Table 1) operating in a continuous mode with high
temporal resolution. In HD(CP)2, the sustained and
publically open availability of long-term JOYCE data
are planned through the Integrated Climate Data
Center (ICDC).4 Here, first JOYCE datasets can
already be accessed. Specific datasets are also available on request through the corresponding author.
Furthermore, visualization of current and recent
data are available through the JOYCE website.5 Additionally, JOYCE is part of the German Research
Foundation Risources 6 (Research Infrastructure)
portal dedicated to providing scientists with resources and services for planning and implementing
research projects.
Statistics for one year of JOYCE data (March
2012–February 2013) reveal that the key instruments
are available more than 90% of the time. However, precipitation events with significant amounts
reaching the ground deteriorate the quality of the
observations owing to wetting of the instrument
optics, which can lead to unwanted attenuation or
reflection effects.
Key instrumentation. The Ka-band polarimetric
Doppler cloud radar MIRA-36 (METEK GmbH,
Germany; Melchionna et al. 2008) transmits a linear
polarized signal at 35.5 GHz and receives co- and
cross-polarized signals simultaneously. In this way,
http://tr32.de
https://icdc.zmaw.de/projekte/hdcp2.html
5
www.geomet.uni-koeln.de/joyce
6
http://risources.dfg.de/home_en.html
3
4
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vertical profiles of ref lectivity, Doppler velocity,
Doppler spectral width, and linear depolarization
ratio are detected from 150 m to 15 km above ground.
Given these measurements, information on the macrophysical (cloud boundaries, type of cloud particles)
and microphysical (e.g., liquid/ice water content,
particle effective radius) properties of even small
cloud droplets (~10 µm) can be derived. In addition,
higher moments of the Doppler spectrum (i.e., kurtosis and skewness) as well as the right and left slopes
of the peak of the spectrum are calculated (Kollias
et al. 2007). These can provide further information
on cloud and drizzle microphysical parameters. The
radar is mostly operated in a vertically pointing mode
but also has scanning capabilities in order to better
capture the 3D structure of clouds.
The 14-channel microwave profiler Humidity and
Temperature Profiler (HATPRO, Radiometer Physics
GmbH, Germany; Rose et al. 2005) is a networksuitable microwave radiometer that has similar
scanning possibilities as the radar. It can observe
column integrated water vapor content (IWV) with
approximately 0.5–0.8 kg m–2 uncertainty and liquid
water path (LWP) with accuracies on the order of
20–30 g m–2 (Löhnert and Crewell 2003). The ability
to detect low-LWP (<30 g m–2) clouds can be enhanced
by including measurements from two broadband
IR pyrometers measuring at 11.1 and 12 µm. While
most measurements are carried out observing zenith,
regular (about three times per hour) azimuth scans
are performed to characterize the spatial IWV and
LWP inhomogeneity (Schween et al. 2011). Hourly
elevation scans (Crewell and Löhnert 2007) allow
retrieving the temperature profile with accuracies
from 0.5 to 1.5 K RMSE in the lower troposphere
(Löhnert and Maier 2012). Additionally, since the
beginning of 2013, MIRA-36 and HATPRO have
been performing simultaneous elevation scans perpendicular to the main wind direction for capturing
the 2D cloud structure.
At JOYCE two ceilometers are deployed: a 905-nm
CT25K (Vaisala Inc., Finland; Münkel et al. 2007) and
a 1,064-nm CHM15k (Jenoptik GmbH, Germany;
Heese et al. 2010) to provide the temporal evolution
of attenuated backscatter (β) profiles (Weitkamp
2005) and up to three cloud-base heights. While the
CHM15k is more sensitive (15–15,000-m range), the
CT25K (0–7,500-m range) is better suited to observe
the near-field range as the full overlap for transmitting and receiving beams start directly above the
instrument.
The Atmospheric Emitted Radiance Interferometer (AERI, ABB Analytical, Canada; Knuteson et al.

Fig. 2. Impression of selected JOYCE instruments. Clockwise from top left: cloud radar MIRA-36, microwave
radiometer HATPRO, AERI, Doppler lidar Streamline, ceilometer CHM 15k, sun photometer CIMEL, radiation array, MRR, TSI, and 120-m meteorological tower.

2004a,b) is an infrared spectrometer that measures
the downwelling infrared radiance from 3.3 to 19 µm
that contains information on the vertical profile of
temperature and humidity. AERI is capable of acquiring data at approximately 20-s temporal resolution
and thus can be utilized for thermodynamic profiling (temperature and humidity; Löhnert et al. 2009)
and simultaneously retrieving microphysical cloud
properties (Turner and Löhnert 2014) such as cloud
optical depth and mean cloud effective radius.
The 1.5-µm Streamline Doppler lidar (HALO Photonics, Great Britain; Pearson et al. 2009) measures
along-beam wind speeds in any arbitrary direction
typically within the range of the atmospheric boundary layer (starting 75 m above the ground). Profiles of
horizontal wind speed and direction are determined
typically every 5 min by means of Doppler beam
swinging. The rest of the time is used for vertical
wind profiling (w). Mixed-layer height is determined
as a function of standard deviation of w (σw) (Schween
et al. 2014).
AMERICAN METEOROLOGICAL SOCIETY

A Total Sky Imager (TSI 880, YES Inc., United
States; Long et al. 2006) gives information on cloud
cover and cloud type. It delivers a hemispheric image
every 20 s as well as a corresponding cloud mask differentiating between clear sky, thin and opaque clouds,
and total relative cloud cover for thin and opaque
clouds. Besides the hemispheric image, all information
(RGB values, cloud classification, and cloud cover) are
extracted from almucantar apertures at 30° and 45°
elevation in order to be analyzed together with corresponding azimuth scans of HATPRO and MIRA-36.
Auxiliary instruments and data. To complement the
above-described key instrumentation, the JOYCE
instrument suite also includes many auxiliary remote sensing and in situ measurements (see Table
2 for details). Additionally, Meteosat Second Generation (MSG) satellite data with 15-min resolution
as well as MODIS/Medium Resolution Imaging
Spectrometer (MERIS) overpasses over the site are
regularly stored.
JULY 2015
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ONE DAY OF MEASUREMENTS—BOUNDARY LAYER EVOLUTION. The field campaign
HD(CP)2 Observational Prototype Experiment
(HOPE) was carried out in 2013 with the goal of
providing the observational basis for a critical model
evaluation at scales smaller than 1 km. Furthermore, it
should provide information on subgrid variability and
microphysical properties that are subject to parameterizations even at high-resolution simulations. During

April and May 2013, several intensive observation periods (IOP) were carried out where JOYCE instruments
operated continuously in addition to numerous other
remote sensors deployed to Jülich coming from different European partners. Here we concentrate on IOP7
on 25 April 2013 to introduce some of the diagnostics
possible with JOYCE data. Eight radiosondes were
launched during the course of the day to complement
the remote sensing measurements. A high pressure

Table 2. JOYCE auxiliary instrumentation; see also www.geomet.uni-koeln.de/joyce.

Instrument,
manufacturer
(measured
since)

Principle

Measurement
quantity

MRR by METEK, FMCW
Germany (Mar Doppler radar
2012)

Doppler
spectrum at
24.1 GHz

Parsivel
disdrometer by
OTT, Germany
(Apr 2013)

Optical
disdrometer

Attenuation
of a diodemaintained
“light sheet”
during passage
of a falling
particle

Shortwave
and longwave
radiation
sensors by Kipp
and Zonen,
Netherlands
(Jan 2011)

Pyranometer, See
pyrheliometer, atmospheric
and
variables
pyrgeometers

Sun photometer Multichannel
by CIMEL
radiometer
Electronique,
France (Jun
2012)

Spectral
radiance at
340, 380, 440,
500, 675, 870,
937, 1,020, and
1,640 nm

120-m
meteorological
tower (1964)

See
atmospheric
variables
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anemometers,
wind
vanes, hair
hygrometers,
gauges
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Specifications
Robust, compact,
low power (50
mW), sensitivity
>–5 dBZ at 300-m
range
Time and degree
of attenuation gives
information on fall
velocity and size of
particle

Pyranometer: high
quality, secondary
standards, sun
tracker blocks
direct sunlight

AERONET
instrument,
direct sun and
sky radiance
measurements
according to a
prescribed schedule
10-min averages
at eight heights
between 2 and 120
m, tower located
340 m away from
other JOYCE
instruments

Atmospheric
variables

References

Profiles of
rain drop size
distribution, rain
rate

Peters et al.
(2002)

Fall velocity
spectra (0.1–20
m s–1), drop
size distribution
(0.3–30 mm),
hydrometeor
phase
classification
Diffuse, direct,
and total
shortwave and
longwave flux
densities

Löffler-Mang and
Joss (2000)

Aerosol optical
depth, liquid
cloud optical
depth and
effective radius,
integrated water
vapor
Temperature,
wind, humidity,
surface
precipitation and
pressure

www.wmo.int
/pages/prog/www
/IMOP/
publications
/CIMO-Guide
/Ed2008Up2010
/Part-I/WMO8
_Ed2008_PartI
_Ch7_Up2010
_CORR1_en.pdf
Holben et al.
(1998); http://
aeronet.gsfc.nasa.
gov

www.fz-juelich.de
/gs/DE/UeberUns
/Organisation/S-U
/Meteorologie
/wetter/wstation
_node.html

system was dominating the
weather situation in central
Europe with westerly winds
in the middle and upper troposphere and winds in the
boundary layer alternating
from westerly to southwesterly directions during the
course of the day as measured by the radiosonde ascents (not shown) as well as
by the Doppler lidar (Fig. 3,
top). The Doppler lidar also
detects the temporal growth
of the mixed-layer height
derived from the standard
deviation of the vertical
velocity variance (Fig. 3,
bot tom) w it h a n onset
Fig. 3. 24-h time series at JOYCE on 25 Apr 2013 of profiles of (top) horizontal
between 0800 and 0900
winds (arrows) and backscatter β (color contours) and (bottom) standard
UTC. The growth is rather
deviation of vertical velocity w (σw; color contours) derived from Doppler
continuous until around
lidar. The black circles indicate mixing-layer height derived from a threshold
1130 UTC when first conin σw, whereas the black squares indicate detected cloud-base height from
vective clouds begin to form
the CT25K ceilometer. Hourly horizontal wind profiles are derived by means
denoting that the rising
of volume azimuth display (VAD) scans; β and σw profiles are calculated as
air parcels have reached
an average over 30 min.
the cumulus condensation
level. After 1400 UTC, the
mixed-layer height is difficult to detect by the Doppler Stratification. The boundary layer evolution in the verlidar because cloud cover is reducing solar insulation, tical can be further characterized via time–height secleading to horizontally inhomogeneous surface heat- tions of potential temperature (Fig. 5, top) as derived
ing, a reduced number of convective plumes, and more from a HATPRO instrument. Close to the surface, the
intermittent vertical movement. This results in a more temperature retrieval has a very good vertical resocomplex structure in the vertical velocity variance.
lution (10–50 m), which, however, rapidly decreases
with height. At midnight, the day begins with a very
Clouds. In the early morning after sunrise (~0430 UTC), shallow stable nocturnal boundary layer, which inTSI retrievals (Fig. 4, middle) show a cloud cover of creases in vertical extent until 0600 UTC because of
close to 100% due to a midlevel altocumulus cloud. longwave surface cooling. After sunrise, the surface
Correspondingly, the Cloudnet classification (see slowly starts to warm up, but the nocturnal bound“Cloudnet categorization scheme” for more infor- ary layer dissolves only around 0730 UTC when the
mation) shows a mixed-phase cloud with vertical potential temperature θ in the lower 100 m becomes
extent of 200–300 m and varying cloud-base height constant with height. From this time onward, a
(2,750–3,750 m) (Fig. 4, top), which disappeared growing mixed layer can be observed, reaching its
completely around 1000 UTC as also confirmed by maximum height around 1400 UTC with constant
the TSI. Ice virga protruding from this cloud between θ up to about 1.5 km. Correspondingly, mixed-layer
0600 and 0800 UTC is also visible. Temporal and spa- height retrievals from Doppler lidar and ceilometer
tial variability of typical cumulus humilis clouds can show a rapid increase. Note that the ceilometer falsely
be nicely observed in the TSI time–azimuth display detects the mixed-layer height between 0700 and
(Fig. 4, bottom) after 1300 UTC with maximum cloud 0900 UTC around 750 m, whereas mixed-layer height
amount observed around 1500 UTC. The azimuth– from the Doppler lidar starts increasing from levels
time display also helps to identify advection of clouds around 100 m significantly only after 0900 UTC. This
visible by the sinelike pattern (1300–1900 UTC) when is due to enhanced backscatter from an aerosol layer,
clouds move from southwest to northeast.
which in this case does not correspond to the actual
AMERICAN METEOROLOGICAL SOCIETY
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Fig. 4. (top) Cloudnet pixel classification on 25 Apr 2013, based on the Cloudnet target categorization scheme
(see “Cloudnet categorization scheme” for details). Temporal and vertical grids correspond to 30 s and 30 m,
respectively. (middle) Cloud amount from TSI from all cloudy pixels (solid line) and opaque clouds only (dashed
line) at 30° elevation. Time series are smoothed with a gliding arithmetic average over 10 min. (bottom) TSI
time–azimuth section; each column represents a scan line at 30° elevation from the whole-sky image at the
respective time.

mixed-layer height (Schween et al. 2014). Finally,
owing to longwave cooling at the surface, a new
nocturnal boundary layer forms around 1800 UTC
(i.e., 45 min before sunset at 1845 UTC).
The local gradient (Fig. 5, bottom) of potential
temperature can additionally provide information on
atmospheric stratification. It shows the largest absolute values at the surface with neutral stratification
(|dθ/dz| < 0.5 K km–1) occurring only for less than an
hour around 0715 and 1830 UTC: that is, 3.5 h after
sunrise and about 1 h before sunset. These times mark
end and beginning of the nocturnal boundary layer—
respectively the beginning and the end of the mixed
layer. The strongest unstable conditions close to the
surface are observed between 0900 and 1300 UTC
(dθ/dz < –2 K km–1). Mixed-layer height cannot be
resolved from HATPRO retrievals as a maximum
local gradient (i.e., inversion) because of the low vertical resolution above 1 km; this information needs to
be complemented by the Doppler lidar mixed-layer
1164 |
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height retrievals. Nevertheless, the region close to
neutral stratification (|dθ/dz| < 0.2 K km–1) indicates
how the mixed layer develops and how it transforms
into the residual layer. After stabilization at the
surface at 1800 UTC, the mixed layer transforms
into the residual layer remaining neutral until
2230 UTC when it suddenly stabilizes. Note that
the slightly negative values within the residual layer
(dθ/dz ~ –0.2 K km–1) are also due to the limited vertical resolution of HATPRO, which can thus capture
the actual neutral layer only to a certain extent.
Assuming an adiabatic ascent, convective plumes
originating from the surface rise until their temperature cools to that of the surrounding air. This is represented by the bulk gradient of θ (i.e., the difference ∆θ
between height i and the surface). Following the line
of ∆θ = 0 (Fig. 5, bottom) we see a somewhat slower
growth of the mixed layer before 0900 UTC when the
nocturnal boundary layer is not yet fully dissolved
and a rapid growth between 0900 and 1100 UTC.

CLOUDNET CATEGORIZATION SCHEME

A

t JOYCE, the Cloudnet target categorization scheme
(Illingworth et al. 2007; www.cloud-net.org) presents an essential tool for deriving cloud macrophysical
properties (i.e., cloud position, extent, and type) in the
vertical column above the measurement site. Cloudnet
originated as an EU FP5 project (2001–05) and is currently supported by the EU FP7 project ACTRIS. Input
to the Cloudnet categorization scheme is composed of
measurement data from the ceilometer, cloud radar,
microwave radiometer and output from the DWD
COSMO-DE model (www.cosmo-model.org/). Profiles
of measured and
modeled variables
are converted to
standardized units
and are interpolated to the cloud
radar data spatial

The maximum is reached around 1300 UTC, showing
only some slight decrease until 1800 UTC, when the
line suddenly returns to the ground, indicating that
the end of convection occurs as a sudden breakdown
rather than a continuous decrease in the height convective plumes can reach.
Water vapor fluctuations and turbulence. Water vapor
fluctuations and turbulence are directly related to the
appearance of clouds. A synopsis of high-temporalresolution IWV (from HATPRO) and vertical velocity
(from Doppler lidar) observations is presented in Fig. 6.
IWV remains fairly constant up to 1000 UTC at values
between 25 and 26 kg m–2. At the same time, rather
small IWV standard deviation (over 30 min) values
on the order of 0.1 kg m–2 are observed. However,
IWV variability is doubled at 1000 UTC when the
rapid growth of the mixed layer is detected and again
increases to values larger than 0.2 kg m–2 during the
times when cumulus clouds appear after 1300 UTC.
Values of w and σ w have also been calculated,
whereby the calculations are averaged over the mixed
layer and a 30-min time span. After 0800 UTC, σw
steadily increases from values below 0.5 m s –1 to
maximum values of almost 1.5 m s–1 shortly before
clouds appear around 1300 UTC. After first clouds
appear, σw is reduced throughout the day owing to
less intense solar insolation by cloud shading and
increasing solar zenith angle. Interestingly, on this
day the maximum values of σw are mostly associated
with mean, positive updraft velocities.
AMERICAN METEOROLOGICAL SOCIETY

and temporal grids. Each data pixel is categorized
either as clear sky or aerosol and/or insects and/or
cloud phase and whether it is precipitating. The lowest
liquid cloud base (warm or supercooled) is identified
from ceilometer backscatter profiles, while cloud top
and precipitation are identified from cloud radar data.
The phase of the falling hydrometeors is identified
according to temperature: hydrometeors are likely to
be ice when the wet-bulb temperature is below the
freezing level. In addition to providing valuable information on cloud amount, the derived hydrometeor type
is a crucial constraint for the application of variational
cloud microphysical retrieval applications. The Cloudnet program package itself provides retrievals of liquid
and ice water content (Hogan et al. 2006) and drizzle
microphysical properties (O`Connor et al. 2005)—
namely, droplet size, number concentration, water
content, and flux.

INSTRUMENT SYNERGY. Remote sensing
measurements contain only a limited amount of information on the atmospheric state. In this context,
an atmospheric retrieval can be characterized by its
degrees of freedom (DOF) for signal: the number of
independent pieces of information about atmospheric
state variables (e.g., temperature profile) that can be
extracted for a given set of measurements (Rodgers
2000). At maximum, this value is equal to the actual
number of measurements (e.g., number of frequencies or observations angles), which practically never
occurs owing to correlations between state variables,
correlations between measurements, and uncertainties of the measurements. Synergetic combinations of
measurements of the same atmospheric column with
different sensitivities to atmospheric state variables
may enhance the overall DOF (Ebell et al. 2013). An
example is the integrated profiling technique (IPT)
(Löhnert et al. 2008), which is applied at JOYCE
by combining cloud radar, microwave radiometer,
Cloudnet target categorization scheme, as well as a
priori (i.e., climatology) information on the desired
parameters. By combining these pieces of information
based on the optimal estimation equations (Rodgers
2000), IPT retrieves physically consistent profiles of
temperature, water vapor, liquid water content (LWC),
effective radius (Reff) of liquid water clouds, and the
corresponding uncertainties.
Between 1400 and 2000 UTC 25 April 2013, LWP
retrieved from microwave radiometer alone shows
values below 0.4 kg m–2 with three peaks exceeding
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above cloud base (~2 km) by
strong lateral mixing and a
strong inversion near 3 km
(visible in the afternoon radiosondes). The clouds with
the largest vertical extent
(~800 m) and the highest
LWC values can be related
to the LWP peaks around
1450, 1600, and 1750 UTC.
From the cloud boundaries, pressure, and temperature given by Cloudnet
target categorization, the
adiabatic liquid water content (LWC ad) of the cloud
can a lso be ca lculated,
which can be interpreted as
the maximum liquid water
content a cloud can obtain
considering the adiabatic
ascent of a parcel that experiences saturation with
respect to liquid water and
maintains all of its liquid
water (no sedimentation
or precipitation). Here, we
define the dilution factor (DF) of a liquid cloud
as (1 – LWP/LWPad) with
LWPad indicating the columnar value of LWC ad .
Theoretically, DF should
range between 0 and 1 with
values below 0.5 indicating more adiabatic clouds
in their early development
phase and DF values above
0.5 indicating that clouds
Fig. 5. (top) 24-h time–height display on 25 Apr 2013 of potential temperature
have been exposed to turbuθ (colored contours) derived from an elevation scanning microwave radiomlent entrainment of drier air
eter (~3-min resolution). Data have been smoothed over 30 min. Black circles
of the surrounding. The few
indicate mixing-layer height derived from Doppler lidar (see Fig. 3), whereas
cases with DF around –0.5
gray triangles indicates mixing-layer height retrieved by ceilometer. (bottom)
–1
(1450, 1700, and 1840 UTC)
As in (top), except that now the local vertical gradient of θ (K km ) is shown,
whereby the thick black solid line shows the zero line (dry neutral). The red line
that imply LWP > LWPad
indicates the height of the mixed layer according to the parcel method (i.e., the
can be attributed to spatial–
height where the bulk difference of θ between z and at zref = 0 m is equal to zero).
temporal mismatching of
the observations.
this limit (Fig. 7). IPT can be used to derive the correTwo periods of intensified initial cloud developsponding vertically resolved LWC profiles and reveals ment can be identified between 1450 and 1610 UTC
the high vertical variability of boundary layer clouds. and between 1730 and 1820 UTC with DF frequently
Observed lower cloud boundaries vary in the range of reaching values around 0 (Fig. 7). Between 1400
2.1–2.9 km, which is due to broadening of the clouds and 2000 UTC, DF values are mostly larger than
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Fig. 6. (top)–(bottom) 24-h time series on 25 Apr 2013 of microwave-radiometer-derived IWV, standard deviation of IWV over 30 min, and mean and standard deviation of vertical velocity from Doppler lidar averaged
over 30 min and from surface to top of the mixed layer.

0.5, indicating cloud decay. The times of intensified
cloud development also mostly correspond to positive
values of vertical velocity in the lowest 100 m below
cloud base (e.g., between 1720 and 1810 UTC), which
is consistent with the assertion of cumulus clouds
developing through updrafts.
LONG-TERM JOYCE DATA ANALYSIS. In addition to providing important data for process studies
in the cloudy boundary layer, long-term JOYCE observations also bear potential for the improvement of
parameterization schemes in numerical weather and
climate prediction models; for example, Barrett et al.
(2009) have shown how ground-based remote sensing observations of radar and lidar have been used
to evaluate and improve parameterization schemes
of the cloudy boundary layer. As an example, we
show JOYCE observations for monitoring the diurnal
cycle of water vapor variability, cloud dilution factor,
and the autoconversion process (i.e., precipitation
onset in liquid clouds)—subgrid-scale processes that
should be captured adequately by parameterization
schemes in the numerical models. Additionally, the
role of ice in surface precipitation is characterized
statistically.
AMERICAN METEOROLOGICAL SOCIETY

How variable is water vapor? Dai et al. (2002) show that
specifically in summer and in the lower troposphere,
surface evapotranspiration, vertical mixing, low-level
moisture convergence, and precipitation all affect the
diurnal variation of water vapor in the central and
eastern United States, although the diurnal amplitude
is generally small (less than 5% of the mean). All of
these processes regulate the evolution of boundary
layer clouds.
HATPRO-derived IWV averages have been
calculated over hourly bins during water-cloudfree scenes as a function of season (Fig. 8) using
data between January 2011 and November 2013
encompassing 200–400 analyzed cases depending
on the time of day. As expected, average values in
winter (~7 kg m –2) are much smaller than those
in summer (20–24 kg m–2) and spring and fall in
between. Only in summer, a diurnal cycle with an
amplitude of about 2 kg m–2 (10%) with respect to
the seasonal average can be observed. However, a
much clearer signal in the diurnal cycle in summer
can be observed for the standard deviation of IWV
(also calculated over 1 h) with maximum values
above 0.25 kg m–2 during the day and only 50% of
this value during nighttime. In spring and fall, only
JULY 2015
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Fig. 7. (top)–(bottom) 6-h time series on 25 Apr 2013 of microwave-radiometer-derived LWP, LWC profiles derived
with IPT (only the first derived LWC profile within a 10-min interval is shown), corresponding cloud dilution factor (see text for details), and vertical velocity from Doppler lidar at 100 m below cloud base averaged over 60 s.

a slight diurnal cycle in IWV standard deviation is
visible, whereas in winter no diurnal cycle is visible
with values ranging around 0.08 kg m–2. The midday peak during summer months can be largely
attributed to the interaction of solar radiation with
the surface leading to enhanced latent heat fluxes,
higher turbulence, and thus a large IWV variability.
The similar wintertime variability for day and night
lets us conclude that the water vapor variability is
then only weakly influenced by interactions between
solar radiation and the surface. Spring and fall obviously present a transition time in this respect. In
summary, the magnitude and temporal evolution
of IWV variability may be used to evaluate model
performance with respect to the development of the
well-mixed boundary layer.
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How adiabatic are low-level clouds? As mentioned
in the section on “Instrument synergy,” the DF of
liquid water clouds is an indicator for the turbulent
entrainment of drier air into the cloud. Campaignbased airborne measurements of LWC variability in
continental nonprecipitating clouds have shown to
be driven by variations in droplet number concentration [i.e., inhomogeneous mixing (Small et al. 2013)],
which can have important impacts on the parameterization of cloud–radiation interactions (Pawlowska
et al. 2000). Also, cloud-top mixing is believed to play
a crucial role for precipitation initiation (Small and
Chuang 2008) and differs significantly for stratus and
cumulus clouds (Brenguier et al. 2011).
Here, a year (March 2012–February 2013) of JOYCE
data including more than 8,600 nonprecipitating

Fig. 8. (left) Mean IWV diurnal cycle (evaluated on an hourly basis) using only JOYCE clearsky data from Jan 2011 to Nov 2013. The line colors correspond to different seasons and the
dashed lines correspond to seasonal averages over all hours. (right) As in (left), except that
the mean standard deviation over the corresponding hour bin is shown.

single-layer liquid water cloud profiles as identified
by the Cloudnet categorization is analyzed toward
dilution. The calculated LWPad is compared with the
closest LWP values from HATPRO, which show that
most clouds exhibit a significant amount of dilution.
Only clouds with LWP < ~0.15 kg m–2 (Fig. 9, left)
show a nonzero probability of being purely adiabatic.
As also shown by Karstens et al. (1994) through the
analysis of aircraft in situ data, the absolute value of
LWP deviation from the adiabatic value is generally
higher for higher values of LWP. The DF can take
any value from 0 to 1 in clouds with a vertical extent
smaller than 300 m, whereas clouds thicker than
500 m show a trend of increasing DF with vertical
extent (Fig. 9, right), so that clouds with a vertical extent of 500 m will be diluted by at least 30%,
1,000 m will be diluted by at least 60%, and larger
than 1,500 m will be diluted by at least 80%. Note
that next to spatial–temporal mismatches, LWP
uncertainties can also lead to DF values greater than
1 (e.g., originating from retrievals where LWP < 0).
This is because of the LWP measurement accuracy of
about 0.025 kg m–2 that leads to large relative errors
in case of thin liquid water clouds.
When do clouds begin to precipitate? Autoconversion
(Berry and Reinhardt 1974) is defined as the collision–coalescence of cloud droplets (~10-µm radius)
and plays an essential role in the transition of nonprecipitating to drizzling (small precipitation drops of
about 25–50-µm radius) clouds at temperatures above
0°C. Albrecht (1989) proposes that drizzle formation
may influence the radiative impact of marine low-level liquid clouds on the climate system through the socalled second aerosol indirect effect, which assumes
that a higher cloud droplet number concentration
AMERICAN METEOROLOGICAL SOCIETY

leads to a reduction of drizzle production and with
that possibly to an increase in fractional cloudiness
and LWC. However, empirical parameterizations of
autoconversion in global circulation models (GCMs)
based on cloud droplet number concentration and/
or LWC show large differences (Xu et al. 2005) and
can lead to overestimations of the second indirect
aerosol effect (Quaas et al. 2009). Mann et al. (2014)
have also shown for continental single-layer warm
clouds below 3 km that probability of precipitation
increases with LWP, decreases with cloud condensation nuclei (CCN) number concentration, and that
autoconversion dominated precipitation is more
susceptible to aerosol perturbations than accretion
dominated precipitation.
Characteristics of drizzling and nondrizzling
clouds have also been observed with the JOYCE cloud
radar and microwave radiometer. LWP and cloud
vertical extent have been analyzed as a function of
probability for precipitation for a 1-year analysis time
period (March 2012–March 2013). Using the Cloudnet target categorization single-layer liquid clouds
were discriminated by 1) containing no drizzle and
2) containing drizzle within their vertical boundaries (Fig. 10). It can be seen that a single-layer liquid
cloud with a vertical extent smaller than 400 m and
with LWP < 80 g m–2 practically never bears drizzle
droplets, whereas clouds thicker than 600 m and with
LWP > 250 g m–2 almost always contain drizzle.
These statistics rely on the rather simple Cloudnet
precipitation detection algorithm based on the gradient of radar reflectivity. Currently, JOYCE activities
concentrate on improving precipitation detection
using additional moments of the cloud radar Doppler spectrum such as velocity, width, skewness, or
kurtosis (Kollias et al. 2011a,b). This way, we expect
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Fig. 9. (left) 2D histogram of adiabatic LWPad using cloud boundary and temperature constraints as given by Cloudnet data vs microwave-radiometer-derived LWP for 8,657 detected
single-layer liquid cloud cases in the time period between Mar 2012 and Feb 2013. Analysis is
carried out on the Cloudnet algorithm time grid (~30 s). (right) 2D histogram of cloud vertical extent vs cloud dilution factor [DF; 1 – (LWP/LWPad)] using data as in (left). Color bars
indicate numbers of occurrence.

to directly capture the instance of the onset of the
autoconversion process.
Which type of precipitation process? The analysis of
JOYCE measurements from March 2012 until August
2013 also allows for identifying the processes that lead
to precipitation close to the surface: has precipitation
evolved via the ice phase and liquid phase (cold rain;

i.e., through the Wegener–Bergeron–Findeisen process; Korolev 2007) or solely by interactions between
liquid drops (i.e., warm rain; Bowen 1950)? Because
of frequent cloud-top temperatures less than 0°C at
JOYCE, we expect mixed-phase transitions to play a
dominant role.
The lowest range bin of the Micro Rain Radar
(MRR) at 300 m above ground is taken as a rain

Fig. 10. 2D histogram for the probability of rain (colored) as a function of LWP and cloud vertical extent. Contours show total numbers of occurrence. Analysis is carried out for single-layer
liquid water clouds only (as identified by the Cloudnet algorithm) from Mar 2012 to Feb 2013
encompassing a total number of 34,398 profiles.

1170 |

JULY 2015

proxy for surface precipitation and is checked if rain
rate exceeds a threshold value. If the threshold is
exceeded, the Cloudnet scheme is checked for clouds
in the column above. If the MRR bin is vertically
connected to an ice cloud, precipitation is assumed
to have developed via the ice phase; if no ice is connected, it is classified as rain via the liquid phase
only. As expected and shown in Fig. 11, the analysis
brings forth that the vast majority of precipitation is
generated via the ice phase (97%), whereas only in
a small number of cases (3%) rain is produced via
liquid drop interactions only. For midlatitudes, this
underlines the importance of a realistic modeling
of ice clouds—specifically the cold rain process—in
numerical models.
Additionally, Fig. 11 shows that 50%–60% of
the total accumulated precipitation amount via ice
phase originates from MRR rain rates less than
5 mm h–1 (i.e., light to moderate rain rates). If the
MRR instrumental detection limit of 0.02 mm h–1 is
used as lower bound for histogram evaluation, the
total amount of precipitation is about 400 mm too
high compared to the gauge measurements at the
surface. While this could be explained by an MRR
calibration offset, evaporation of low precipitation
amounts from 300 m downward to the surface, as
well as detection difficulties of rain rates less than

1 mm h–1 by the gauge, must be taken into account.
Thus, if rain rates lower than 1.5 mm h–1 are discarded
from the MRR dataset, the gauge and MRR measurements coincide within 5%–10%, giving total amounts
of 945 and 1,023 mm, respectively, for March 2012
until August 2013.

SUMMARY AND OUTLOOK. The main objective of JOYCE is to improve our understanding of the
cloudy boundary layer in a midlatitude environment.
For this, continuous measurements with high temporal resolution are carried out that are specifically
suited to characterize the diurnal cycle of water vapor,
stability, and turbulence in the lower troposphere.
In addition, instruments are set up to measure the
micro- and macrophysical properties of clouds in
detail and how they interact with the processes in
the boundary layer as well as the large-scale synoptic situation. Employing the microwave radiometer,
cloud radar, Doppler lidar, and ceilometer at JOYCE,
the stratification of the lower boundary layer can be
well described in addition to cloud macro- and microphysical quantities via synergetic retrieval methods.
Clear signals of the increase in water vapor variability
during the mixed-layer buildup are observed during
summer months, as well as the probabilities of singlelayer liquid clouds to form drizzle as a function of the
vertically integrated
LWP and the cloud
vertical extent. Also,
first statistics show
that in 97% of all cases
leading to significant
surface precipitation at
JOYCE, ice is involved.
To investigate subcloud aerosol and cloud
microphysical property
interaction in the wellmixed boundary layer,
a CCN observation system is currently being
installed at the 120-m
meteorological tower
of FZJ. Aerosol will be
sampled by pumping
dry air from the ground
to three heights (124,
Fig. 11. Cumulative histogram of precipitation amount (mm) as a function of
50, and 3 m). Three
rain rate measured in the lowest bin (300 m AGL) of MRR (Mar 2012–Aug 2013;
sampling lines along
48,815 profiles from 304 rainy days). Cases are differentiated into precipitation
the tower will allow for
via ice (blue) and precipitation via liquid only (red). Dotted and solid lines denote
–1
measuring the subcloud
histograms with different lower bounds (0.02 and 1.5 mm h , respectively). The
aerosol proper t ies,
total precipitation amount from gauge measurements is given as the green line.
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including size-resolved aerosol concentration, CCN activity parameter, and size-resolved CCN concentration.
In the next months and years, JOYCE observations will not only be used to evaluate parameterization schemes in NWP and climate models but also
for input and assessment of large-eddy simulation
(LES) models. Currently, an LES model is being set
up to run continuously over JOYCE (Neggers et al.
2012). JOYCE measurements of wind, temperature,
and humidity will allow the continuous forcing of
the model. But the major accomplishment will be to
investigate to what extent the LES clouds actually represent reality as measured by the JOYCE instruments.
Because of the scanning potential of the major JOYCE
instruments, this evaluation can be carried out for
macrophysical and microphysical properties. These
comparisons with respect to the environmental conditions at stake (e.g., synoptic forcing, aerosol conditions, surface boundary conditions) can then lead to a
valuable source for improving cloud parameterization
schemes not only in LES but also in climate models.
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