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Abstract. The “HD(CP)? Observational Prototype Experiment” (HOPE) was executed as a major 2-month field experiment
in Jiilich, Germany, performed in April and May 2013, followed by a smaller campaign in Melpitz, Germany in September
30 2013. HOPE has been designed to provide a critical evaluation of the new German community atmospheric Icosahedral non-
hydrostatic (ICON) model at the scale of the model simulations and further to provide information on land-surface-atmospheric
boundary layer exchange, cloud and precipitation processes as well as on sub-grid variability and microphysical properties
that are subject to parameterizations. HOPE focuses on the onset of clouds and precipitation in the convective atmospheric
boundary layer. The paper summarizes the instrument set-ups, the intensive observation periods as well as example results
35 from both campaigns.
HOPE-Jiilich instrumentation included a radio sounding station, 4 Doppler lidars, 4 Raman lidars (3, 3, and 4 of these provide
temperature, water vapor, and particle backscatter data, respectively), 1 water vapour differential absorption lidar, 3 cloud

radars, 5 microwave radiometers, 3 rain radars, 6 sky imagers, 99 pyranometers, and 5 Sun photometers operated in synergy
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at different supersites. The HOPE-Melpitz campaign combined ground-based remote sensing of aerosols and clouds with

helicopter- and balloon-based in-situ observations in the atmospheric column and at the surface.

HOPE provided an unprecedented collection of atmospheric dynamical, thermodynamical, and micro- and macrophysical

properties of aerosols, clouds and precipitation with high spatial and temporal resolution within a cube of approximately 10 x
5 10 x 10 km®. HOPE data will significantly contribute to our understanding of boundary layer dynamics and the formation of

clouds and precipitation. The datasets are made available through a dedicated data portal.

1 Introduction

Clouds and precipitation play a central role in the climate system and were repeatedly identified as the largest problem in a
realistic modelling of atmospheric processes, forcing and feedbacks (IPCC, 2013;Jakob, 2010). Uncertainties in the
10  characterization of clouds and precipitation have manifold consequences on virtually all non-atmospheric climate components
from ocean mixed layer stability to vegetation variability, to net mass balance of ice sheets.
To achieve progress in the improvement of the representation of clouds and precipitation in atmospheric models, the German
research initiative "High Definition Clouds and Precipitation for advancing Climate Prediction" HD(CP)?> was launched.
HD(CP)? aims at a significant reduction in the uncertainty of climate change predictions by means of better resolving cloud
15 and precipitation processes. The newly developed convection-resolving HD(CP)? model will be used to develop new
convection parameterizations for large-scale eddy simulation models. It is a coordinated initiative to provide atmospheric
scenarios, including multiple thermodynamic phases, multi-mode microphysics, and a realistic orography with high spatial
resolution of 100 m in the horizontal and 10 - 50 m in the vertical at a temporal resolution of 1-10 s over climatologically
relevant scales, i.e. over several thousand kilometres and several years. The 100-m scale is believed to be most critical for the
20 onset of clouds and precipitation as it sufficiently resolves the convective boundary layer and cloud formation (Stevens and
Lenschow, 2001). The anticipated high resolution shall thus enable to associate differences in modelled and observed
atmospheric fields to problems with the dynamical core or with parameterizations of physical processes rather than with
resolution issues.
The HD(CP)? project consists of a modelling, an observational, and a synthesis part (see http:/www.hdcp2.eu for further
25 information concerning the overall project descriptions and goals). As a first step of HD(CP)?, the high-resolution HD(CP)?
model in LES mode must be evaluated in order to test the suitability for parameterization development application. The test
bed for these observations was provided by means of HOPE.
Within the M-module (modelling) of HD(CP)?, the new ICON (Icosahedral non-hydrostatic) general circulation model was
developed (Zingl et al., 2015) and its performance in LES modelling was evaluated (Dipankar et al., 2015). The O-module
30 (Observations) was defined to provide observational datasets for both initialization and evaluation of the newly developed
ICON model as well as for the development of new parameterizations that are suitable for application in a high-resolution

model. The scope of the S-module (synthesis) was to provide first improvements of parameterizations from the use of model
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and observation results. Key to this effort was the provision of modelled scenarios at 100 m grid resolution over thousands of
kilometres, which will be used to analyse, improve or develop parameterizations related to cloud and precipitation development
in climate models.
The O4 project in the O module of HD(CP)? - denoted as “HD(CP)? Observational Prototype Experiment” HOPE has been
5 designed to provide a critical model evaluation at the scale of the model simulations and further to provide information on sub-
grid variability and microphysical properties that are subject to parameterizations even at high-resolution simulations. In order
to derive the atmospheric state and the 3-d fields of water vapor, temperature, wind and cloud and precipitation properties at
the scale of 100-m resolution for an area of about 10x10x10 km® three close-by supersites, separated by a distance of
approximately 4 km, complemented by larger networks were deployed. HOPE focuses on the onset of clouds and precipitation

10 in the convective atmospheric boundary layer. The experiment complements the larger spatiotemporal Full-Domain (O2) and
Supersites (O1) activities in the observations module in HD(CP)? providing continuous time series of 2D fields across the
HD(CP)? domain and 1D profiles at four dedicated locations, respectively. The scope of Module O3 was to establish a data
flow from the observation modules to the model and synthesis modules. In 2016 HD(CP)? entered its second phase, which
puts a much stronger effort on the synthesis part.

15 HOPE builts on the experience gained in previous field campaigns like the Convective and Orographically-induced
Precipitation Study (COPS) (Wulfmeyer et al., 2011), however, with a stronger focus on multi-sensor synergy covering a
micro- to meso-scale domain. COPS aimed at the observation of orographically driven initiation of convection with supersites
several tens of km apart in strongly structured terrain. Complementary to COPS, HOPE is covering a smaller domain with
higher resolution, and is accompanied by long-term supersite observations within the framework of the heavily instrumented

20 Rur catchment Terrestrial Environmental Observatoria TERENO Programme (Simmer et al., 2015) around the ground-based
remote sensing supersite JOYCE (Lohnert et al., 2015), and the TROPOS long-term aerosol observatory in Melpitz (Spindler
etal., 2012).

This article mainly serves as a guide through the sites and instrumentation used during the HOPE campaigns and it is aiming
on giving a motivation to learn about the details and specific conclusions described in the individual publications this overview

25 is built upon. The structure is as follows. Section 2 describes the site setups and measurements performed during HOPE
including information about the meteorological conditions and data availability. Examples from each of the research topics are
presented in section 3. In section 4, first comparisons between models and observations are discussed. A summary and
conclusions on the further applications of the HOPE data as well as designs for future observational strategies are presented in
section 5. Individual work performed during HOPE is published in the ACP/AMT HOPE special issue (Buehler and

30 Russchenberg, 2016) and other journals and is cited in the present overview correspondingly.

2 Description of field campaigns

The measurement activities during HOPE mainly consisted of a major field experiment in Jiilich, Germany, denoted as HOPE-

Jiilich, conducted from April 3 to May 30, 2013 followed by a smaller campaign that was performed in Melpitz, denoted as

3
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HOPE-Melpitz, Germany, which was conducted from September 9 to September 29, 2013. Figure 1 gives an overview of the
broad spectrum of instruments installed during the two campaigns and their overall setup. A detailed introduction is given

below.

2.1 Instrumentation
5 2.1.1 HOPE-Jilich

In order to derive the atmospheric state of water vapor, temperature, wind and cloud and precipitation properties with 100-m
resolution for an area of about 10x10x10 km three close-by (ca. 4 km) supersites complemented by larger networks were
operating. Figure 2 gives an overview about the different sites and networks within HOPE-Jiilich, which are further described
in Table 1. The monitored area encompasses approximately 40 km in radius around the Research Centre of Jiilich. The natural

10 topography around Jiilich is rather flat with an average elevation of around 100 m above sea level (asl). Approximately 20 km
south of Jiilich the Eifel Mountains approach up to 800 m asl. Locally, within a radius of 10 km, the area around Jiilich is
dominated by open pit coal mining. Two open pit mines are located within 1-3 km east and west of the HOPE-Jiilich area,
respectively. Along a 10-km line between these two pit mines, the elevation range spans over 571 m, from as low as -270 m
asl within the pit mines (pit mine of Hambach, see Figure 2) to 301 m asl at the top of the debris hill Sophienhdhe. The

15 instruments and observations were deployed at supersites in the rather flat terrain between the pit mines or within networks.
The TERENO sites as well as the X-band radar sites JuXPol and BoXPol that are shown in Figure 2 also contributed to the
HOPE observations, even though they are operated in the frame of other research projects, mainly Terrestrial Environmental
Observatories (TERENO) (Zacharias et al., 2011) and the Transregional Collaborative Research Centre 32 (TR32) (Simmer
et al., 2015), which are implemented for longer time periods than it was the case for HOPE.

20  As can be seen from Table 1, most instruments were deployed at the three supersites Jiilich (JUE), Krauthausen (KRA), and
Hambach (HAM) with its outpost close to a pump station “Wasserwerk” (WAS). At each supersite one or several main remote-
sensing facilities were deployed. At JUE this was the instrumentation of the permanently installed Jiilich ObservatorY for
Cloud Evolution (JOYCE), at HAM the Karlsruhe Institute for Technology mobile facility KITcube and the lidar systems of
the Institute for Physics and Meteorology (IPM) of the University of Hohenheim (UHOH) were deployed, and at KRA the

25 Leipzig Aerosol and Cloud Remote Observations System (LACROS) was operated. In some publications that are based on
HOPE-Jiilich observations, the supersite names are also referring to the main facility deployed at each site, e.g. LAC for
LACROS at the supersite KRA, JOY for JOYCE at the supersite JUE, and KIT for KITcube at the supersite HAM. The
instrumentation that was present at each site is listed in Table 2. In total, the HOPE-Jiilich set of instruments included a radio
sounding station, 5 Doppler lidars, 4 Raman lidars, 1 differential absorption lidar (DIAL), 3 cloud radars, 5 microwave

30 radiometers (MWR), 3 precipitation radars, 6 sky imagers, 99 pyranometers, and 5 Sun photometers. Below, the operating

institutions and available measurement devices at all three supersites are briefly outlined.
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All measurements during HOPE-Jiilich were built around the central supersite Jilich where JOYCE (Lohnert et al., 2015) is
operated continuously at the Research Center Jiilich. JOYCE (http://www.joyce.cloud ) is a joint research initiative of the
Institute for Geophysics and Meteorology (IGMK) of the University of Cologne and the Jiilich Research Centre (FZJ). It is
permanently installed at FZJ. Amongst other instruments (see Lohnert et al. (2015)), JOYCE contributed to HOPE with
5 observations of a continuously scanning cloud radar, a Doppler lidar, and three microwave radiometers (one continuously
scanning, one vertically pointing, and one continuously obtaining temperature profiles) for the spatiotemporal characterisation
of humidity and liquid water fields. The observations at the supersite Jiilich were supported by high-resolved measurements
of the vertical profile of the atmospheric temperature and water vapour mixing ratio, both at daytime and at night, which have
been performed with the multi-wavelength polarization Raman lidar system BASIL of the Universita degli Studi della
10  Basilicata (UniBas), Italy (Di Girolamo et al., 2009) and the lidar system ARL-2 of the Max Planck Institute for Meteorology
(MPIM) (Wandinger et al., 2016). Temperature and moisture turbulent fluctuations have been observed by BASIL and are
reported by Di Girolamo et al. (2016). BASIL as well as the ARL-2 lidar also provided measurements of aerosol scattering
properties at 355, 532, and 1064 nm.
With the newly designed observing system KITcube (Kalthoff et al., 2013), the Institute of Meteorology and Climate Research
15 (IMK) of the Karlsruhe Institute of Technology (KIT) provides meteorological and convection-related parameters and
contributed to measurements of the development of clouds with high temporal and spatial resolution in the HOPE area.
KITcube was the main facility at the supersite Hambach (HAM) and consists of a surface-based network with meteorological
stations and a 30-m tower measuring the standard parameters of temperature, humidity, air pressure, wind speed and direction,
sensible heat fluxes, the energy balance components at the Earth’s surface (Kalthoff et al., 2006) as well as soil moisture and
20 soil temperature profiles (Krauss et al., 2010). These stations in general are distributed over the whole area of KITcube to
account for surface inhomogeneity. For instance, KIT operated two Eddy-Covariance stations — one at the main site HAM,
and a second one at the outpost WAS, approximately 2.5 km to the west. KITcube also includes scanning Doppler wind lidars
to measure wind speed, wind direction, and turbulence characteristics in the convective boundary layer. One WindTracer was
installed at supersite HAM, a second WindTracer at the outpost WAS (see Fig 2b) to allow Dual-Doppler applications. Both
25 were installed together with a Windcube. Additionally, a Doppler lidar of KIT IMK-IFU (HALO Streamline) was operated at
the TERENO site Selhausen. These instruments were complemented by a microwave radiometer which determines
temperature and humidity profiles, a scanning cloud radar monitoring the development of clouds, a vertically pointing micro
rain radar and disdrometers providing information about precipitation, and a ceilometer for cloud base height detection. At a
second KITcube outpost denoted KiXPol, approximately 7.5 km southwest of HAM, an X-band rain radar was operated. In-
30 situ vertical profiles of temperature, humidity, and wind profiles as well as convective indices were gathered by radiosondes
launched regularly every 6" full hour at the KITcube main site. Land and full-sky images were taken by S14 camera systems
at HAM and WAS.
Also at supersite HAM, two lidar systems from the Institute for Physics and Meteorology (IPM) of the University of

Hohenheim observed 3D thermodynamic fields of temperature and moisture including their turbulent fluctuations. A

5



Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016-990, 2016 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Published: 21 November 2016 and Physics
(© Author(s) 2016. CC-BY 3.0 License.

Discussions

temperature rotational Raman lidar (TRRL) measured temperature profiles (Radlach et al., 2008;Hammann et al., 2015) and a
differential absorption lidar (DIAL) measured absolute humidity profiles (Behrendt et al.;Spith et al., 2016;Wagner et al.,
2013). Both systems have scanning capability and an intrinsic high spatial and temporal resolution of 1-10 s and 15-100 m up
to arange of about 5 km. Consequently, both systems are capable of resolving turbulent fluctuations in the convective boundary
5 layer from the surface to the entrainment zone. Derived products include statistical moments of moisture and temperature
turbulent fluctuations (Behrendt et al., 2015;Wulfmeyer et al., 2010), profiles of stability variables such as buoyancy (Behrendt
etal., 2011) and the boundary layer depth, acrosol backscatter fields and cloud boundaries. The self-calibrating DIAL technique
has excellent absolute accuracy (Bhawar et al., 2011) and has been acknowledged as water-vapour reference standard of WMO.
Continuous observations with the TROPOS mobile facility LACROS (Leipzig Aerosol and Cloud Remote Observations

10 System) (Biihl et al., 2013) were performed at the supersite KRA. LACROS employs a 35-GHz cloud radar, a multi-
wavelength Raman polarization lidar, a ceilometer, a Doppler lidar, a microwave radiometer, an optical disdrometer, as well
as an all-sky imager. The Raman polarization lidar Polly*T (Engelmann et al., 2016), deployed at supersite KRA, is part of
the lidar network PollyNet (Baars et al., 2016a) and provides automatically derived profiles of aerosol scattering properties
and water vapour mixing ratio. Observations of the vertical velocity in the boundary layer and at cloud bases were provided

15 by the Doppler Wind lidar WiLi (Biihl et al., 2012). The focus of the LACROS observations was set on the continuous vertical
profiling of the full tropospheric column to derive aerosol and cloud microphysical properties and cloud droplet dynamics
(Biihl et al., 2016). LACROS at supersite KRA as well as JOYCE at supersite JUE are part of Cloudnet (Illingworth et al.,
2007) providing a target categorization mask and microphysical parameters of clouds based, amongst others, on co-located
vertically pointing observations of at least a cloud radar, a lidar and a microwave radiometer.

20 Beside the supersite observations at JUE, KRA, and HAM, also different instrument networks were distributed in the vicinity
of the three supersites. The PYR network of 99 autonomous meteorological stations including pyranometers developed by
TROPOS (Madhavan et al., 2016b) was deployed within a radius of about 5 km around the supersite JUE to capture the
broadband downwelling solar irradiance with high spatial and temporal resolution. The Meteorological Institute of the
University of Bonn (MIUB) coordinated the operation of 6 sky imagers within the SKYY network that were provided by several

25 partner institutes to obtain imagery for cloud classification and the determination of cloud morphology (Beekmans et al., 2016).
Three scanning polarimetric X-band rain radars jointly operated within the XRD network by the University of Bonn (BoXPol),
the Jiilich Research Centre (JuXPol) (Diederich et al., 2015) and KIT (KiXPol) provided 3D fields of polarimetric moments
over the domain and precipitation estimates (Heinze et al., 2016;Tromel et al., 2013;Xie et al., 2016). Within the Sun
photometer network (SUN), the vertically integrated aerosol characteristics and water vapour field at the three HOPE-Jiilich

30 supersites as well as at two more-remote sites (Aachen and Insel Hombroich, see Table 1) were derived. Except for the one
operated within JOYCE at supersite JUE, all Sun photometers were provided by NASA Goddard Space Flight Center (GSFC),
Langley, USA, and operated by MPIM.

Additionally, two ground-based scanning spectral radiometers SpecMACS, from the Munich Institute for Meteorology (MIM)
of the Ludwig-Maximilians Universitdt Munich (Ewald et al., 2015), and EAGLE from Leipzig Institute of Meteorology (LIM)

6
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of the University of Leipzig (Jakel et al., 2013) participated in the campaign. These instruments provide the solar radiation

reflected at cloud sides from which vertical profiles of cloud microphysical properties shall be inferred.

2.1.2 HOPE-Melpitz

5 The HOPE-Melpitz campaign basically combined the remote sensing of aerosol and cloud properties based on the LACROS
supersite with the helicopter-borne Airborne Cloud Turbulence Observation System ACTOS (Siebert et al., 2013) (see Figure
1b). The follow-up campaign HOPE-Melpitz has become necessary because of problems with the availability of a helicopter
carrying ACTOS during HOPE-Jiilich.

10 The Melpitz site (12.928° E, 51.525° N, 86 m asl) is the TROPOS research station for the continuous physical and chemical
in-situ aerosol characterization of background aerosol characteristics in central Germany (Spindler et al., 2012). The site is
located in a rural area, 40 km northeast of Leipzig (Figure 3). The topography around the Melpitz site is rather flat over an
area of several hundred square kilometres, ranging between 100 m asl and 250 m asl. Melpitz is part of the European
Monitoring and Evaluation Programme (EMEP) (Tarseth et al., 2012) and provides a comprehensive set of in-situ observed

15 chemical, microphysical and optical acrosol properties. Based on the co-location of the ground-based aerosol instrumentation,
the airborne ACTOS platform, and the remote-sensing facility LACROS, the HOPE-Melpitz campaign thus provides the
opportunity to investigate the relationship between tropospheric aerosols and clouds and aerosol conditions.

Similar to HOPE-Jiilich, during HOPE-Melpitz the LACROS instrumentation comprised the polarization Raman lidar Polly*"-
OCEANET (Engelmann et al., 2016) with near-range capabilities, a Humidity-Temperature Profiler (HATPRO) microwave

20 radiometer, the Doppler Wind lidar WiLi, 50 pyranometers, an all-sky imager, and a radiosonde station (provided from
KlITcube, see Table 2). Two sun photometers were installed, one at the site of Melpitz and one at TROPOS in Leipzig (51.3°
N, 12.4° E, 120 m asl) in order to distinguish rural and urban aerosol conditions.

Measurements of the broadband irradiances at the surface were carried out with a mobile station following the
recommendations of the Baseline Surface Radiation Network (McArthur, 2005), and can serve as high-quality reference for

25 the pyranometer network. In addition, spectral irradiances were observed with a rotating shadowband radiometer of type
GUVis-3511 (Witthuhn et al., 2016).

Detailed information on the ACTOS setup are given in Siebert et al. (2013). ACTOS provides dynamic, thermodynamic as
well as cloud and aerosol microphysical properties of warm shallow boundary layer clouds. The standard ACTOS
instrumentation comprises sensors for the wind vector, temperature, and humidity under clear and cloudy conditions. Observed

30 microphysical parameters of liquid clouds include the cloud droplet number-size distribution in the range from 1 to 180 pm as
well as the integral properties of this cloud droplet spectrum, e.g., liquid water content and effective radius. Aerosol number-
size distributions for the size range from 8 nm to 2.8 um are obtained with a resolution of 2 minutes. The total acrosol number

concentration was recorded in the aerosol particle size range from 8 nm to 2 um with 1 Hz resolution (Diising et al., 2016) and

7
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with 50 Hz resolution (Wehner et al., 2011). Additionally, a mini-CCNC (Cloud Condensation Nuclei Counter) was used for
measuring the CCN number concentration at different supersaturations.

The two ground-based spectral radiometers EAGLE and SpecMACS from LIM and LMU, respectively, that were operated
during HOPE-Jiilich, were also deployed during HOPE-Melpitz. Besides ACTOS, airborne observations with spectral

5 radiometers for cloud remote sensing from the Freie Universitit Berlin (Schroder et al., 2004) were performed on some days.

2.2. Datasets
2.2.2 HOPE-Jiilich

HOPE-Jiilich was conducted from 3 April to 31 May 2013 as this period in the year favours low-level cloud formation. Only
the measurements of the pyranometer network PYR continued until end of July to capture high-sun conditions. An extensive

10  operation plan, documenting the daily availability of all central instruments of HOPE-Jiilich can be found in the supplementary
material to this article.
The weather conditions during the campaign varied from several warm and cold front passages interrupted by a few high
pressure systems with high-level cirrus clouds at the beginning of the campaign and more low-level convective clouds later
on. Since the campaign focused on the onset of clouds and precipitation, IOPs have been called out whenever clear skies,

15 boundary layer clouds, or precipitation developing clouds were forecast. During IOPs, instruments requiring continuous human
control were measuring in addition to autonomously operating instruments. Furthermore, radiosondes were launched more
frequently at supersite Hambach, depending on the weather situation and its variability. Table 3 summarizes the IOPs during
HOPE-Jiilich and the corresponding weather conditions. IOPs with especially well suited weather conditions have been
labelled as "Golden Days" and have been more deeply analysed by all participating groups.

20 As an example, a detailed depiction of IOP7 consisting of a turbulently driven boundary layer development topped with
afternoon single cumulus clouds in the afternoon can be found in Léhnert et al. (2015). There, it is demonstrated that a holistic
view of the daily development of the boundary layer is only possible through the synergetic treatment of different ground-

based remote sensors.

2.2.2 HOPE-Melpitz

25 Weather conditions have not been optimal for the helicopter operations due to problems with low-level overcast clouds (no
flight permit inside clouds) and icing conditions. During the three weeks of the campaign, five IOPs have been performed on
which 10 ACTOS flights were performed, covering 15 hours of measurements (Table 4). However, the helicopter flights

captured a spectrum of different meteorological conditions as can be seen from Table 4.
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2.2.3 Data availability

All officially participating partners have submitted their quality controlled data and in a common format to the HD(CP)? Data
Archive Center. Data processing of specific sensors (i.e. microwave radiometer, cloud radar, ceilometer) deployed by different
supersites was made uniform. All the data processing is documented by means of metadata. See Stamnas et al. (2016) for a

5 detailed overview on the data format and data base. All data will be public available by the end of 2016.

3 Results
3.1 Near-surface wind field and energy budget

An essential regime that was observed during HOPE is the turbulent structure of the atmospheric boundary layer (ABL). To
capture this regime both the surface energy budget components and the near-surface and lower boundary layer wind fields are
10 required. The set of instruments available during HOPE-Jiilich provided a unique opportunity to compare and to correlate
vertical-velocity variances from different locations. Maurer et al. (2016) made use of a triangular set-up of three KITcube
Doppler lidar systems deployed approximately 3 km apart from each other. This distance was assumed to be sufficient to
ensure that the lidars do not monitor the same convective cells at the same time. Nevertheless, they found persistent similar
statistical properties of velocity variances measured along the wind direction in contrast to measurements across the wind
15  direction. This indicates that local organized structures of turbulence can dominate turbulence characteristics and that single
turbulence measurements may not be representative for a larger domain.
In a similar approach Trdumner et al. (2015) investigated correlation patterns of near-surface wind fields from a Dual Doppler
lidar set-up scanning at low elevation angles together with available in-situ wind vectors from ground-based stations. As a
measure for anisotropy, integral length scales were defined for the along-stream and the cross-stream wind components.
20 Integral scales provide a measure of the spatial or temporal dimension of turbulent eddies (Wyngaard, 2004). The authors
confirmed previous findings of streak-like structures elongated and aligned in the wind direction. Also periodic behaviour in
the horizontal wind fields has been identified occasionally. Interestingly, the mean structural pattern could be related to the
background wind speed and the atmospheric stability. Still, individual wind fields can vary strongly for the same external
forcing. Thus, a characterization of coherence pattern in the otherwise turbulent boundary layer requires extensive
25 spatiotemporal averaging.
Eder et al. (2015) investigated the complete surface energy budget and tested the hypothesis whether so-called turbulent
organized structures (TOS), low-frequency structures that fill the entire atmospheric boundary layer, are a major cause for the
frequent unclosed surface energy balances as they contribute to the vertical energy fluxes. In fact, by means of data from
horizontally and vertically scanning Doppler lidars the authors could show that TOS with time scales larger than 30 minutes
30 extend deep into the surface layer. This finding implies that future turbulent energy exchange studies require the full 3D field
of humidity, temperature and velocity in high spatio-temporal resolution, which was also pointed out and elaborated in

Wulfmeyer et al. (2016).
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Based on the autonomous pyranometer network described in Madhavan et al. (2016b), the representativeness of a single station

measurement for spatially extended domains with different area sizes has been investigated. This is an important aspect for the

evaluation of model results with observations, where point measurements are mostly compared to grid-box means, and are

thus implicitly assumed to have similar statistical properties. Spatial and temporal smoothing have been quantified which limit

5 the representativeness of a point measurement for its surrounding domain size and period. Spatial averaging acts as a low-pass

filter and reduces or even completely removes high-frequency spatio-temporal variations. This is illustrated in Figure 4(a),

which shows a wavelet-based power spectrum obtained from 99 pyranometer stations, and corresponding estimates of the

power spectra for three areas ranging from 1x1 km? to 10x10 km? in size under broken-cloud conditions. Figure 4(b) shows

the explained variance (square of Pearson correlation coefficient) of temporal fluctuations of a point measurement and a spatial

10 domain as a function of frequency. It demonstrates the second effect, which describes that the correlation of temporal

fluctuations decreases with increasing frequency. The combination of both effects adds up to the total deviation of a point

measurement from the spatial mean of an extended domain, which is presented in Figure 4(c). The magnitude of this deviation

depends on the domain size, the averaging period, and the synoptic conditions. Broken clouds cause the largest deviations,

reaching about 30 and 80 W m for 3 hourly and second-resolution observations, respectively, and a 10x10 km?-sized domain.

15 Also based on the highly-resolved spatiotemporal pyranometer measurements performed by TROPOS, Lohmann et al. (2016)

analysed the statistics of spatiotemporal irradiance fluctuations with a strong application-oriented focus on photovoltaic power

systems. They specifically calculated single-point statistics and two-point correlation coefficients for clear, overcast and mixed

skies. The statistics for clear and overcast skies show similar behaviour as in previously published work, see Lohmann et al.

(2016) for references. In order to account for conditions for a distributed PV system, they defined so-called irradiance

20 increments as changes in transmissivities over specified intervals of time, and showed that these increments are more strongly

averaged out in space than the transmissivities themselves. By conditioning the sky type - which can easily be done from the

irradiance measurements themselves - they demonstrated that the probability for strong irradiance increments is twice as high
compared to increment statistics computed without distinguishing between different sky types.

As clouds impose the largest short-term variability in solar irradiance at the surface the analysis of cloud advection and

25 subsequent extrapolation represents a reasonable approach for short-term irradiance forecasts. Schmidt et al. (2016) made use

of time series of hemispheric sky images to predict the surface irradiance by means of mapping the cloud position, which in

turn is translated into shadow maps at the surface. The temporal evolution of such shadow maps is calculated from cloud

motion vectors that were calculated from subsequent sky images. Irradiance forecasts of up to 25 minutes have been produced

and were validated against the network of pyranometers described in Madhavan et al. (2016b). Although these sky-imager

30 based forecasts do not outperform a simple persistence forecast on average, improved forecast skill was found for convective

cloud conditions with high cloud and irradiance variability. This finding may provide useful application in photovoltaic

electricity production.
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3.2 The turbulence structure of the boundary layer and clouds

The goal of the HD(CP)? project was to realize and to evaluate a model run spanning the area of whole Germany at the
horizontal scale of 100 m. At such a small scale certain parameterizations for organized turbulent motions such as those that
define the atmospheric boundary layer, and areas of shallow convection are supposed to be not required anymore and the
5 model setup is comparable to the one of a large-eddy-simulation (LES), wherein the sub-grid parameterizations are simpler
and have less impact on the model performance (Bryan et al., 2003;Deardorff, 1970).
The increased model resolution puts new requirements on evaluation techniques. The HOPE experiments provided an optimum
test bed for novel applications to derive boundary layer fluxes and turbulence characteristics. Observations of the turbulent
fluxes of thermodynamic properties in the PBL, such as of temperature and water vapour, provide detailed information on the
10 minimum resolution required by a model to capture the turbulence spectrum down to the inertial sub-range and consequently
to resolve the major part of the turbulent fluctuations. This value is in here introduced as the integral scale. During HOPE-
Jiilich, it was possible to derive the statistics of turbulent temperature fluctuations and thus of the integral scale of this parameter
in the PBL with lidar (Behrendt et al., 2015). In addition to commercially available Doppler lidar systems, which provide
turbulent wind fluctuations, three water vapour research lidars were deployed during HOPE-Jiilich, which provide turbulent
15 humidity fluctuations that were documented by Di Girolamo et al. (2016), as well as Muppa et al. (2016). As the authors of
the above-mentioned studies note, HOPE-Jiilich provided for the first time data to observe the turbulence characteristics of the
PBL up to the fourth statistical moment, i.e., the mean, standard deviation, variance, skewness, and kurtosis of the
spatiotemporal water vapour and temperature fields were derived. Examples of the relationship between the integral scales of
humidity and temperature fluctuation and height above ground within the convective boundary layer for the 20 April 2013
20 (IOP 5), 11:30-13:30 UTC, (only temperature fluctuations, see Di Girolamo et al. (2016)) and 24 April 2013 (IOP 6), 10:00-
11:00 UTC (temperature and humidity fluctuation, see Behrendt et al. (2015) and Muppa et al. (2016)), respectively, are
depicted in Figure 5. A general feature that was found during the investigated clear-sky days and which can also be seen in
Figure 5 was that the integral scale decreases from the ground towards the top of the convective boundary layer. This is due to
the decrease in the size of the turbulent eddies with height which is a result of the entrainment of dry free-tropospheric air at
25 the PBL top (Couvreux et al., 2005) which is also characterized by an increase in the variance of the temperature or water
vapour toward PBL top. Converting the observed time scales shown in Figure 5 to spatial scales assuming horizontal and
vertical wind velocities of 5 m s and 1 m s”!, respectively, results in horizontal and vertical integral length scales of 100-1000
m and 20-200 m, respectively. Thus, in order to capture the full turbulence spectrum in the PBL, also a numerical model
simulation should be run at temporal and spatial resolutions that are higher resolved than the observed values.
30 Detailed convective boundary layer (CBL) turbulence characteristics from HOPE and further field campaigns (Wulfmeyer et
al., 2016) showed that the combination of active temperature-, humidity- and wind-profiling applied during HOPE-Jiilich
sufficiently resolves the turbulence structure of the CBL and lays the ground for new boundary layer turbulence

parameterizations.

11



Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016-990, 2016 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Published: 21 November 2016 and Physics
(© Author(s) 2016. CC-BY 3.0 License.

Discussions

In addition to turbulent fluxes in the cloud-free planetary boundary layer, the turbulence characteristics of a stratocumulus

layer were investigated simultaneously with ACTOS and the Doppler lidar WiLi of the LACROS site on 22 September 2013

during HOPE Melpitz (Seifert et al., 2016). The inter-comparison shown in Figure 6 presents a sequence and a histogram of

the vertical velocities observed with ACTOS (red) and WiLi (blue). Thus, vertical velocities in the stratocumulus are similar

5 at the cloud base (observed with the Doppler lidar) and cloud top (observed with ACTOS). This is an important fact for

Doppler-lidar studies of stratocumulus clouds, because it infers that Doppler lidars are suitable to characterize the turbulence

characteristics of entire stratocumulus cloud layers. From the vertical-velocity observations of WiLi and ACTOS also integral

length scales were derived which were in the range of 150 to 250 m. Thus, these cloud observations provide confidence that
running a model in the 100-m range is sufficient to resolve also the energy-containing eddies in stratocumulus layers.

10  Furthermore, a combination of lidar and microwave radiometer data has been used to infer the height of the stable nocturnal

boundary layer from aerosol-induced lidar backscatter variance and microwave radiometer derived potential temperature

profiles (Saeed et al., 2016).

3.3 Thermodynamic properties of the atmosphere

15 Besides wind vectors, profiles of atmospheric temperature and humidity are the main drivers of numerical weather forecast-
models and key for the verification of climate and Earth system models. An overview of their importance and the requirements
set to observing systems is presented in Wulfmeyer et al. (2015). For models explicitly resolving turbulent processes (such as
the HD(CP)? model), it is important to capture small-scale water vapour and thermodynamic stability fluctuations, which can
trigger convection. Evaluation as well as data assimilation procedures for these models require advancements in measurement

20 accuracy as well as in spatial and temporal resolution.

From the multi-sensor observations available for the HOPE-Jiilich experiment, Steinke et al. (2015) investigated the
comparability and range of applicability of various sensors for the determination of the integrated water vapour (IWV). As can
be seen in Figure 7, in general a good agreement was found between the IWV observations from Global Positioning System
(GPS) stations (Gendt et al., 2001), microwave radiometer, Sun photometer, radiosonde. The systematic difference and

25  standard deviation were derived to be approximately 0.4 kg m and 1 kg m™, respectively, but the performance and availability
of each technique varies by means of meteorological conditions and time of the day. Spaceborne observations of the IWV from
MODIS generally showed a bias toward lower values, which most probably results from difficulties in the discrimination of
clear and cloudy scenes from the satellite data. IWV observations are compared to ICON simulations with 156 m horizontal
resolution. A case study reveals that the diurnal cycle of IWV variability of the model matches well with the high-temporal-

30 resolution microwave radiometer measurements, given a slight bias toward lower values in the model simulations, and that the
spatial covariances for distances on the km scale are comparable in observations and model.

A technique that is considered to provide accurate, continuous, highly-resolved observations of the water vapour mixing ratio

is the Raman lidar. Nevertheless, the stability of the system calibration is still subject of research and may depend on the design
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of specific systems. Based on observations with the Raman polarization lidar Polly*X" at supersite KRA and of BASIL at

supersite JUE, Foth et al. (2015) presented a calibration technique that uses the integrated water vapour of a co-located

microwave radiometer to provide calibration data for the lidar observations. The result is an automatically generated time-

height cross section of the water vapour mixing ratio, as it is shown in Figure 8 for KRA for the April 2013 during HOPE-

5 Jiilich. As can be seen, lidar observations are only available at nighttime and only from the ground to the base of optically

thick clouds. In a sophisticated approach, these data gaps will in future be filled with values obtained from an optimal-

estimation scheme that considers the spatio-temporal evolution of both the integrated water vapour from the microwave

radiometer and the vertical profiles of water vapour mixing ratio (Foth et al., 2016). A similar methodology was also applied

to the JUE BASIL and microwave radiometer data by Barrera-Verdejo et al. (2016) who could show the benefits of sensor

10 synergy in terms of an increase in information content in the regions where lidar data is not available. Barrera-Verdejo et al.

(2016) similarly showed the positive impact of combining Rotational Raman Lidar measurements of BASIL with microwave
radiometer observations for improving the temperature profile above the boundary layer.

A self-calibrating technique to observe the spatiotemporal distribution of water vapour is the DIAL technique. Such a system

was operated during HOPE Jiilich by IPM at supersite HAM. Exploiting the scanning capabilities of the DIAL system Spith

15 etal. (2016) presented detailed insights into the spatial inhomogeneity of the water vapour field around the supersites HAM,

KRA, and JUE. Such observations provide valuable information that are required to improve our understanding of land—

atmosphere exchange processes.

3.4 Microphysical properties of aerosols and clouds

20 The retrieval and evaluation of microphysical properties of aerosols, clouds, and precipitation from ground-based remote
sensing observations is a crucial task. In-situ observations do provide much higher accuracy but for the long-term evaluation
of the performance of operational weather forecast models and the microphysical parameterizations therein continuous datasets
are required.

In particular the HOPE-Melpitz campaign provided the opportunity to relate in-situ observations of warm-cloud microphysical

25 properties and aerosol properties from ACTOS to the respective parameters observed with ground-based observations of the
LACROS facility. Case studies are presented in the following that document the simultaneous ground-based and in-situ
observation of a stratocumulus layer and the aerosol properties in the lower troposphere, respectively.

Aerosol particles act as nuclei for cloud droplets and ice crystals and are thus a prerequisite for the formation of clouds. Lidar
is a promising tool to provide estimates of the concentration of cloud droplet condensation nuclei (CCN) and ice nucleating

30 particles (INP) (Mamouri and Ansmann, 20