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ABSTRACT: Modular Observation Solutions of Earth Systems (MOSES) is a novel observation sys-
tem that is specifically designed to unravel the impact of distinct, dynamic events on the long-term
development of environmental systems. Hydrometeorological extremes such as the recent Euro-
pean droughts or the floods of 2013 caused severe and lasting environmental damage. Modeling
studies suggest that abrupt permafrost thaw events accelerate Arctic greenhouse gas emissions.
Short-lived ocean eddies seem to comprise a significant share of the marine carbon uptake or
release. Although there is increasing evidence that such dynamic events bear the potential for
major environmental impacts, our knowledge on the processes they trigger is still very limited.
MOSES aims at capturing such events, from their formation to their end, with high spatial and
temporal resolution. As such, the observation system extends and complements existing national
and international observation networks, which are mostly designed for long-term monitoring.
Several German Helmholtz Association centers have developed this research facility as a mobile
and modular “system of systems” to record energy, water, greenhouse gas, and nutrient cycles on
the land surface, in coastal regions, in the ocean, in polar regions, and in the atmosphere—but
especially the interactions between the Earth compartments. During the implementation period
(2017-21), the measuring systems were put into operation and test campaigns were performed
to establish event-driven campaign routines. With MOSES's regular operation starting in 2022,
the observation system will then be ready for cross-compartment and cross-discipline research
on the environmental impacts of dynamic events.
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Ithough it is well known that global change affects Earth and the environment at many

different temporal and spatial scales, currently only limited knowledge is available on the

importance of distinct dynamic events for the long-term development of environmental
systems. The new observation system Modular Observation Solutions of Earth Systems (MOSES;
Fig. 1) focuses on four types of dynamic events: heatwaves and droughts, hydrological extremes,
the abrupt thawing of permafrost, and ocean eddies. These events were selected because of their
relevance to climate and environmental changes and their socioeconomic impact:

During the summers of 2003 and 2018-20, record-breaking air temperatures, extensive
droughts, and historically low river flows were recorded across Europe (Herring et al. 2020). Their
devastating impact on the functioning of land ecosystems led to an increased vulnerability well
beyond the duration of single events (Bastos et al. 2020; Buras et al. 2020), including a strong
decrease in primary productivity (Fu et al. 2020; Graf et al. 2020), an unprecedented tree mor-
tality (Margalef-Marrase et al. 2020), and loss of agricultural production (Beillouin et al. 2020).
Photochemically induced air pollution increased due to heatwaves, predominantly seen in
ozone threshold exceedances (Monks et al. 2009). In rivers, lakes, and reservoirs, widespread
algal blooms appeared, some dominated by toxic cyanobacteria (Wentzky et al. 2019). Such
extremes are likely to occur more frequently in the future (Samaniego et al. 2018).
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Globally, the frequen-
cy of heavy precipitation
events increased in the past
30 years due to warming
(Fischer and Knutti 2015),
and global projections of river
floods mostly indicate increas-
es by the end of the century
(Arnell and Gosling 2016). In
Central Europe, river floods
in 2002 and 2013 have bro-
ken records, leading to wide-
spread flood defense fail-
ures and disastrous damage
(Schroter et al. 2015). In 2016
and 2018 a series of flash floods
triggered by convective weather
systems caused severe damage
to buildings and infrastructure
and led to geomorphological
consequences such as debris
flow (Bronstert et al. 2018).

Heat and Droughts
Hydrological Extremes

e
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Fig. 1. Schematic presentation of the mobile and modular observation sys-
tem Modular Observation Solutions of Earth Systems (MOSES). The system
is implemented to unravel the impact of distinct dynamic events on the
long-term development of the environment. Heatwaves and droughts,
hydrological extremes, abrupt permafrost thaw, and ocean eddies are the
focus of this event-oriented observation and research initiative. To capture
such dynamic events from their formation to their end, MOSES is designed
as a "system of systems” with a particular cross-compartment alignment,

connecting atmosphere, land surface, and hydrosphere. The block diagram
illustrates an event-driven observation campaign for hydrological extremes,
capturing the formation of a high precipitation event and the resulting flood
wave as it passes through the catchment to the estuary and ocean.

Current modeling studies
suggest that abrupt perma-
frost thaw accelerates Arctic
greenhouse gas emissions
(Turetsky et al. 2020). Such distinct thaw events can potentially release greenhouse gases
on short time scales and are triggered, for example, by heatwaves or intense rainfall in the
Arctic. While abrupt permafrost thaw actively affects only small areas, it could play a major
role in the rapid release of permafrost carbon to the atmosphere and thus contribute to a yet
unknown extent to climate warming (Nitzbon et al. 2020).

Ocean eddies have a significant share in the marine carbon uptake or release. Modeling
studies indicate that even short-lived eddies a few kilometers in size are important drivers for
phytoplankton production with a likely contribution of several tens of percent (Mahadevan 2016;
Lévy et al. 2018). Phytoplankton is the base of the marine food chain, produces a large por-
tion of atmospheric oxygen, and is thereby a key player in the uptake or release of carbon.

Despite growing evidence that such dynamic events bear the potential for major and lasting
environmental changes, the data required to investigate this potential are still sparse. While
long-term trends are typically assessed with stationary observation networks and platforms
specifically designed for long-term monitoring, proven event-oriented observation systems and
strategies are still missing. Event-oriented observation campaigns require a combination of 1)
measuring systems that can be rapidly deployed at “hot spots” and in “hot moments,” 2) mobile
equipment to monitor spatial dynamics in high resolution, 3) in situ measuring systems to re-
cord temporal dynamics in high resolution, and 4) interoperable measuring systems to monitor
the interactions between atmosphere, land surface, and hydrosphere (Earth compartments).

The Helmholtz Association of German Research Centres developed MOSES to record dynam-
ic events from their formation to their end, with a particular cross-compartment alignment.
Comprehensive datasets on event formation, evolution, and direct impacts are a prerequisite
for improved prediction of expected environmental, social, and economic consequences, the
feedback on climate as well as for the design of protective measures.
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To understand dynamic events and to unravel their long-term impacts, reference datasets are
required for the investigated regions. Existing observation networks are integrated into the prepara-
tion, course, and subsequent evaluation of the event-driven observation campaigns. Such networks
comprise scientific, governmental, and other official monitoring programs. Additionally, valuable
reference data are provided by satellite missions such as Sentinel and by international monitoring
networks such as Integrated Carbon Observation System (ICOS). The Helmholtz observatories Ter-
restrial Environmental Observatories (TERENO; Zacharias et al. 2011), Coastal Observation System
for Northern and Arctic Seas (COSYNA; Baschek et al. 2017), Cape Verde Ocean Observatory (CVOO;
Kortzinger and Zenk 2011), and the Samoylov Permafrost Observation Stations (Boike et al. 2019)
serve as anchor points for the implementation activities and for future campaigns.

In the following sections, the observation system and the observing strategy are presented
using examples for heat and drought events.

The observation system

MOSES must meet the challenging requirements arising in event-driven campaigns: the sys-
tem must be mobile and interoperable, cover a broad range of observation scales across Earth
compartments, and provide high-resolution data in near—real time. Accomplishing these goals
required the development of novel measuring systems as well as the improvement of existing
systems. The necessary technical developments focused on the following:

e Minimization of sensors for installation on mobile carriers and building of multisensor
systems

e Automation of measuring systems for intensive field campaigns and for use in areas difficult
to access

e Improvement and adjustment of existing measuring systems for modular and multipurpose use

e Near-real-time data transmission for fast data access and campaign control, fast visualiza-
tion, and test analysis

Enabled by Helmholtz infrastructure investment of EUR 30 million, MOSES is designed
as a modular “system of systems” (Fig. 1). The participating centers developed individual
measuring systems that are combined to form specific observation modules (Table 1). These

Table 1. List of MOSES modules and their fields of application: blue = marine, green = terrestrial,
and gray = atmospheric operation. The composition of the modules is depicted in Fig. 2 for “land-
atmosphere fluxes” and “atmospheric chemistry.”

MOSES Modules Heat and Hydrological Ocean Abrupt Thaw

Droughts Extremes Eddies Permafrost

Atmospheric Chemistry

Land-Atmosphere Fluxes

AMERICAN METEOROLOGICAL SOCIETY BAMS naEEBRMARY| 2022000E38220122 1116 vt T



modules comprise sensors that are either required to study a certain research topic (e.g.,
“land—atmosphere fluxes” module) or processes in a certain compartment (e.g., “atmospheric
dynamics” module). They are designed to record energy, water, greenhouse gas and nutrient
exchanges on the land surface, in coastal regions, in the ocean, in polar regions, and in the
atmosphere—with a focus on the interactions between Earth compartments. Each observation
module is deployable in various event investigations (Table 1).

MOSES is a distributed infrastructure and its component measuring systems are managed
by the participating research centers. A compilation of the observation modules is listed on the
home page: www.moses-helmholtz.de/index.php?en=44880. Figure 2 illustrates examples of
measuring systems for “land—atmosphere fluxes” and “atmospheric chemistry.” Their cross-
compartment interplay is presented in the “Investigating event chains” section.

9 rry lig g
borne sensors up to 35 km
- provide profiles of temperature, water

vapor, ozone, and aerosol / cloud
particle backscatter

Aerosol observation system [1]

« 3D scanning LIDAR active laser remote
sensing instrument

« aerosol mass spectroscopy systems

« provides information about the
atmospheric particle distribution
determining remote cloud base height,
aerosol distribution and mixing ratio,

Drones [5] fog

« provide optical and spectral images
using different camera types
(RGB, IR-thermal, hyperspectral)

« determine GHG exchange
(CO,, CH,, H,0 flux) between land
surface and atmosphere

Open path FTIR spectrometers [8]

« mobile solar-tracking infrared
spectrometer

» passively measuring greenhouse gases
by analyzing solar radiation

» quantify the total column concentration
of CO,, CH, and N,O

@ GFZ, Zoellner,

Air quality drone [1]

© FZJ, Limbach

« fixed-wing drone for physical and
chemical profiling of the planetary
boundary layer

« provides profiles of temperature,
pressure, humidity, turbulences, particle
distribution and trace gases (NO,, NO,
0,, CO)

Mobile Land Ecosystem — Atmosphere
Flux (MoLEAF) towers [2]

« equipped for Eddy-Covariance (EC)
measurements including GHG analyzer
(CO,, CH,, N,O), spectrophotometer,
ultrasonic anemometer, cameras

« provide data on land surface -

atmosphere cross-compartment

exchange processes

Fig. 2. Measuring systems of the MOSES modules “land-atmosphere fluxes” and “atmo-
spheric chemistry.” Both modules were deployed at the heat and drought test campaigns
in 2019 and 2020 as outlined in the “Investigating event chains” section. The numbers in
brackets denote the number of measuring systems.
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Organization, implementation, and operation
The organization, technical operation, and data management of such a distributed infra-
structure requires substantial support from the participating centers, which is provided by
core funding. The organizational structure (www.moses-helmholtz.de/index.php?en=44859)
builds upon the joint scientific steering committee, technical implementation office and data
management team to ensure the operation of the measuring and data management systems.
Event-driven observation campaigns typically demand short reaction times to locate suit-
able sites, install measuring systems, and provide fast data transmission. To be prepared for
this challenge, training is required. As illustrated in Fig. 3, extended device tests began in
2018, including the conception of quality control and assurance measures. To develop and
optimize campaign logistics, first test campaigns began in 2018 and will continue, with
increasing complexity, until 2022. Subsequently, joint data analysis was organized. Based
on the experiences gained during implementation, we developed management procedures
for the overall organization and in particular for the deployment of the measuring systems.
The distributed and heterogeneous nature of the observation system poses challenges for
the integration of its data. Therefore, a data management infrastructure for a distributed sensor
network has been developed (www.moses-helmholtz.de/index.php?en=47151), in which the par-
ticipating centers act as data providers. The mandatory data policy regulates the sharing of data
and data products and facilitates their open access according to the findable, accessible, interop-
erable, and reusable (FAIR) principles (Wilkinson et al. 2016). For all campaigns and datasets,
metadata collection is organized by campaign-specific data management plans (DMPs). These
DMPs record responsibilities along with data volumes, characteristics, processing steps, and data
flows of the campaigns via a collaborative online tool. Selected metadata are then automatically
transferred to the public MOSES Data Discovery Portal (https://moses-data.gfz-potsdam.de/) that
provides current information on campaigns, equipment, and collected data. Furthermore, the
portal facilitates dataset access after the quality ensured release by the responsible scientists.
With the MOSES data management infrastructure, we developed the technical and organizational
framework to integrate and advance the scientific data workflows over the next years of operation.
During operation, the Scientific Steering Committee (SSC) will be in charge of the scientific
and technical management of the research infrastructure. This committee checks campaign
proposals submitted by research consortia with regard to their feasibility and coherence with
MOSES aims. Together with the campaign coordinators, the SSC decides on campaign timing,
aiming at an efficient allocation of measurement systems and optimal campaign placement.
The SSC also acts as a media-
tor if campaigns compete for
equipment and time slots. Ap- ‘ data analysis / exploitation |
proximately two campaigns
will be carried out per year,

’ test campaigns l
|

which may last for several device tests I Data management procedures:
weeks to months, depending Discovery (1) MOSES organization

Portal (2) deployment concepts
on the type of event and the

scientific scope. The duration

( D o) ( D [} )
of individual campaigns is re- !
lated to the development of the > OPERATION
considered event, character- i
ized by the initial state, drivers, 2018 2019 2020 2021 2022

an‘d local feedback processes Fig. 3. Timeline of the MOSES implementation period: 2017-21. Device tests,
(Slllm'ann et al. 2017). For test campaigns, and data analysis started in 2018 and continued to the end
short-lived eventssuchasocean  of ijmplementation. The public metadata portal (Data Discovery Portal) was
eddies or high precipitation  released in 2020. Management procedures have been finalized for 2022.
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and local floods, campaigns normally take several weeks to months, including embedded
intensive operation periods. Longer lasting events such as heatwaves and droughts or abrupt
permafrost thaw typically require observation times of about half a year. Furthermore, the
investigation of feedback effects may entail subsequent observations in the following year.

For the different event types, deployment concepts have been developed (Fig. 4), which
converge according to preparation and response times:

Long-term planning campaigns are mostly required to investigate abrupt permafrost thaw
and ocean eddies. To organize the deployment of equipment in conjunction with research
vessels and planes or international monitoring facilities, a preparation time of about 2 years
must be taken into account. The flexibility of this campaign type is limited because region
and time slot of the investigations are fixed.

Medium-term planning campaigns for investigating weather extremes are organized in
target regions and time slots exhibiting a high probability of event occurrence. Campaign
preparation requires about one year to optimize the instrumental layout and to obtain permis-
sions. During the investigation period, most equipment is installed for stationary, baseline
recordings. As soon as events evolve, intensive operation periods are started. With a reac-
tion time ranging from a few days (high precipitation and floods) to a few weeks (heatwaves
and droughts), mobile systems are additionally deployed to refine spatial observation, while
temporal monitoring rates of the stationary equipment are increased.

The ad hoc campaign concept is intended for extreme weather events, such as floods, heat-
waves, and droughts that do not occur within the scope of planned campaigns, but within regions
suitable for operation. These areas include the TERENO sites or the Elbe River and the German
Bight (“Investigating event chains” section). The reaction time to launch such a campaign is short,
ranging from only a few days, in the case of an emerging flood, and up to 1 month for heatwaves
and droughts. Due to the short preparation time, mainly mobile and autonomous systems are
deployed, which reduce the observational comprehensiveness compared to planned campaigns.

Investigating event chains

MOSES is designed to capture and quantify direct impacts of events on affected environmental
systems. To meet this aim, we developed an “event chain” approach: An observation campaign
starts by recording the initial event with respect to its extent and intensity. The measuring sys-
tems will then gather data on the

subsequently triggered processes
along and across Earth compart- A
ments. To investigate long-term @
. . . (]
environmental impacts, we will = long-term planning ( medium-term planning
. = campaigns campaigns
analyze the campaign datasets z - @
. . _0=> region and time-slot: set
along with datasets available S region and time-slot: set additional: intensive T vp—
L. R . E_ operation periods (IOPs) ‘ ‘
f%’Ol’l’l existing .Obser\./atlon faC.lll- g > dpi e geitizir ;:téiep?:tsi; o ltrien%‘i::;o ,:?;It;iifllaf:ible
ties for the region of interest (first = EEEEmEHtIEs = sies, il
. . weather extremes:
section), reanalysis data, and 3 floods
i = heatwaves, droughts
modeling approaches.
In this section, the event chain 7 B
. . equipment flexibility
approach is explained for heat

and droughts. The respective

approaches and schematics for Fig. 4. Deployment concepts for the different event types. Planned cam-

hydrological extremes, abrupt paigns allow for an extensive use of equipment and thus for comprehensive

’ event observation. Ad hoc campaigns require primarily flexible equipment,
permafrost thaw, and ocean ed- which reduces the observational range. The two types of campaigns planned
dies are provided on our home  \yellin advance converge with respect to preparation time, while IOPs and
page (Wwww.moses-helmholtz.de).  ad hoc campaigns converge with respect to response time.
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Heatwaves and droughts typi-

cally affect the atmosphere, the Decline of Air Quality o
: _ Stagnation of 5
land surface, and aquatic sys il 3
tems simultaneously, triggering 5 Processes 05T AerosolsT _ o
. . 2 Damage to Vegetation, 3
complex interactions of cascad- & ‘ Terrestrial Ecosystems | |
: : \ d Food Producti E)
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waves increase aerosol and 4 = effect uncertain o Ressources
ozone formation due to the arrows and ellipses: investigated processes and feedbacks

pink boxes: environmental and socio-economic impacts

temperature and radiation
dependence of NOX and vol- Fig. 5. Schematic diagram of event chains triggered by heat and droughts:
atile organic compounds 1) in the atmosphere, 2) on the land surface, and 3) in the hydrosphere.
Shown here are the main processes and fluxes recorded during MOSES
campaigns within and across Earth compartments. The potential environ-
mental and associated socioeconomic impacts range from immediate to

ity (Fiore et al. 2012). long-term effects that might develop within the coming decades (BVOCs
2) Ontheland surface,heatand = biogenic volatile organic compounds, ET = evapotranspiration, GPP =

droughts cause declines in  gross primary productivity, DOM = dissolved organic matter).

gross primary productivity

(Ciais et al. 2005; Fu et al. 2020) and evapotranspiration, leading to increased net CO, emis-

sions (Reichstein et al. 2013; Green et al. 2019) and uncertain flux changes of greenhouse gases

(GHGs) suchas N,O or CH, (Yan et al. 2018). Vegetation stress and insect pests increase biogenic

VOC emissions (Joutsensaari et al. 2015; Ferracci et al. 2020), resulting in additional aerosol and

ozone formation in the boundary layer by atmospheric oxidation (Penuelas and Staudt 2010).
3) Water resources and aquatic environments are degraded in quantity and quality by heat

and droughts, causing increased atmospheric GHG emissions from drying inland waters

(Keller et al. 2020). Biogeochemical changes in water bodies (Casas-Ruiz et al. 2020) lead

to consequences such as algal blooms in lakes and rivers or changes in coastal ocean

productivity (Hosen et al. 2019).

(VOCs) reaction kinetics,
leading to reduced air qual-

Extensive heat and drought test campaigns started in 2019 at the well-established TERENO
sites Pre-Alpine, Eifel, and Harz. These sites also host a number of the German ICOS obser-
vatories. The first campaign, Pre-Alpine, served as a device test for deploying the measuring
systems shown in Fig. 2 and was embedded in the “ScaleX2019” campaign, which continued
earlier international observing activities (Wolf et al. 2017). In this context, the off-road vehicles
equipped with cosmic ray neutron sensors (CRNS) participated in a comparison initiative to
determine soil moisture dynamics across scales (Jakobi et al. 2020; Fersch et al. 2020) and
provided the regional-scale observation component.

With the extreme and consecutive drought years developing in Germany from 2018 to 2020,
we continued the test campaigns in some of the most affected regions: The TERENO sites Eifel
(coniferous forest) and Harz (mixed forest) were hit by severe drought followed by forest damage
and clear-cutting. Comparison campaigns therefore started at both sites in summer 2019 and
continued in spring 2020. The studies focused on event chain 2, land surface characteristics and
gas exchange with the atmosphere (Fig. 5). Soil moisture dynamics were intensively monitored by
mobile CRNS rovers in combination with stationary CRNS and time domain reflectometry (TDR)
networks installed at the sites. Airborne (drones and planes) thermal and hyperspectral cameras
(Fig. 2) monitored soil temperature and vegetation condition in response to increasing temperatures
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and progressive drought. Land—atmosphere exchanges of water vapor, O,, CO,, CH,, and energy
were studied using mobile towers in combination with the GHG isotope analyzer unit (Fig. 2). At
the Eifel site, the cleared areas became a persistent source of CO,, while the ET flux decreased.
The remaining spruce forest was heavily infested by bark beetles, resulting in increased biogenic
volatile organic compounds (BVOC) emissions such as terpenes. To quantify such emissions in
conjunction with soil moisture and air temperature variations, a BVOC laboratory was set up.
Subsequent oxidation and formation of aerosol particles were observed with a mobile aerosol mass
spectrometer (Fig. 2), linking the research focus of event chains 1 and 2 as illustrated in Fig. 5.
The summer droughts of 2018 and 2019 also caused historically low water levels in the Elbe
River. To assess the effects of low discharge, high irradiation and water temperatures, test cam-
paigns with research vessels were organized in the river and its estuary. Considering event chain
3 (Fig. 5), the campaigns focused on water quality, aquatic ecosystem metabolism and GHG emis-
sions. Using a Lagrangian sampling approach according to travel time, multiparameter probes and
water samples recorded temperature, O,, pH, nutrient loading, dissolved organic matter (DOM),
and chlorophyll as a proxy for phytoplankton biomass. Gas analyzers continuously quantified
both dissolved and atmospheric CO, and CH, concentrations. In situ multiparameter probes
positioned along the route recorded high-resolution diurnal variations in parameters critical
to aquatic ecosystems, such as high water temperatures or O, depletion and extreme pH values
caused by excessive algal growth. Kamjunke et al. (2021) investigated the key drivers of the sig-
nificant algal growth observed in 2018 and 2019 and its impact on nutrient dynamics in the river.
With these test campaigns, we collected comprehensive datasets from some regions most
affected by the past summer droughts. Such campaigns complement existing observation net-
works, such as the TERENO and ICOS observatories mentioned earlier, or the Elbe River and the
German Bight governmental monitoring programs, by filling event-specific observation gaps: 1)
The measuring systems are deployed at “hot spots” and in “hot moments.” 2) Mobile monitoring
approaches such as CRNS roving or Lagrangian water sampling provide regional high-resolution
observations that complement stationary instrumentation. 3) High-resolution time series recorded,
for example, by GHG isotope analyzers or aquatic multiparameter stations reveal in situ event
dynamics. 4) The interoperable observation modules extend the standard observation ranges of
existing facilities, such as for atmospheric variables at the TERENO/ICOS sites or for GHG emissions
associated with governmental river and coastal monitoring. In addition, the collected field data
are used in combination with remote sensing data, such as on forest damage and clear-cut areas,
and with land surface—atmosphere modeling to upscale site observations to the regional scale.

Current state and outlook
During the implementation period 2017-21, the measuring systems have been developed for
modular operation while the management procedures to carry out event-driven campaigns have
been established. Further prerequisites are event forecasting tools. Several MOSES scientists
participate in research projects developing, for example, European/German forecasts for hydro-
meteorological extremes or marine hydrodynamic models. Information on such complementary
research activities is available on our home page: www.moses-helmholtz.de/index.php?en=47303.
From 2022 onward, MOSES will be available for event-oriented research initiatives and
collaboration. The observation system provides novel observation opportunities for the
scientific community and extends existing observation capacities toward highly mobile and
cross-compartmental systems.
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