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Abstract. There is the need of integration of atmospheric and ecosystem research in order to 

assess the habitats reaction in the future since the recent climate changes. Peatlands due to their 

vulnerability are important ecosystems since their strong interaction with the climate system. In 

stable climatic conditions, they are atmospheric carbon sinks. The study of the atmosphere 

properties in the context of peatlands productivity requires the application of the multidimensional 

strategy of field measurements. These kind of measurements are conducted using the following 

sensors: sun photometer, cloud radar, Raman lidar and eddy covariance (EC) system. They are 

located and operated at the Rzecin peatland in the framework of the POLIMOS project. So far, 

aerosols presence in the air was found as a factor that increases the peatland production. This 

presents the novel strategy of extensive atmospheric studies in order to identify the selected 

particles type impact on peatlands carbon uptake capabilities. 

1 Introduction  

Peatlands are generally the net carbon sink and one of 

the largest organic carbon stock in the biosphere [1, 2], 

even if they cover only 3% of the terrestrial area on the 

Earth [3]. They are very complex ecosystems and their 

existence and biological richness strictly depend on 

climate and water supply. 

 The factors that determine the peat accumulation are 

divided into two groups, biotic and abiotic one. The 

biotic controls such as the vegetation types, its 

physiological status and stage of development [4–8] 

while the abiotic controls are precipitation [9], water 

table level [9–11], temperature [12–14], radiation and its 

properties [15–17]. 

 The clouds and aerosols are two important variables 

responsible for the solar radiation modification e.g. 

attenuation and scattering and consequently the capacity 

to accumulate carbon dioxide in the plant structure [18]. 

While the attenuation usually causes the reduction of 

plant CO2 uptake, the solar radiation scattering can 

substantially increase the net ecosystem production [15, 

19, 20]. There are many studies in the literature where 

the positive impact of scattered radiation on CO2 uptake 

is presented [21, 22]. On the other hand,  the impact of 

the optical properties of the atmosphere parameters on 

ecosystems production is poorly described. A lot of 

studies base on diffuse index (DI) (proper name 

scattering index SI) as determinant of sunny or clear sky 

(DI<0.3) and cloudy (DI>0.7) conditions. This factor is 

defined as the ratio between the diffuse and global 

radiation that reaches the Earth’s surface [16, 23]. This 

simple index doesn’t describe atmospheric conditions in 

details. Thus, the presented multidimensional strategy of 

studies enables to assess the cloud and/or aerosol impact 

on radiation scattering process in the atmosphere. The 

peatlands CO2 uptake is the result of the processes that 

are driven by different factors [24] but these ecosystems 

are very vulnerable to climate changes. Thus, predicted 

temperature increase and precipitation seasonal patterns 

modifications can transform these ecosystems into the 

net carbon sources [25]. However, the impact of the 

shifts of solar radiation scattering phenomenon on 

peatlands production still requires more investigation. 

The recent advance of the atmospheric surveys led to 

development of novel techniques which provide the 

knowledge about the amount and properties of the 

particles suspended in the atmosphere [26, 27]. 

 There are two groups of the aerosols that are present 

in the atmosphere: the anthropogenic and the natural one. 

The first group is mainly consisted of black carbon, 

sulfates, nitrate, and ammonium while the group of 
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natural aerosols contains such substances as mineral 

dust, sea salt, and primary biological aerosol particles 

[28]. It is difficult to estimate aerosols’ impact on the 

climate since their concentration and properties varies in 

time and space. The dominant the aerosol type in the air 

mass can be a place of occurrence dependent. The 

mineral dust (approx. 35%) dominates at urban sites of 

South Asia and China, while organic carbon (20% or 

more) is observed at urban areas of North and South 

America. The sea salt is dominating (50–70%) aerosol 

type at remote oceanic locations. Sulphate is observed 

usually at the level of 10 to 30% of the total aerosol mass 

while the nitrate and the ammonium are in the average 

6% and 4%, respectively. The elementary carbon content 

is less than 5%, but it can be higher in some regions e.g. 

urban part of Europe approx. 12% [28]. The aerosols 

transform in the atmosphere and this is result of their 

mutual interaction and/or reaction with other 

components of the air. The products of these conversions 

affect the optical properties of the atmosphere such as 

reflectivity, scattering intensity and absorptivity [29]. 

The aerosol volume increases within the process of the 

low-volatility vapours condensation on aerosol particles 

surfaces. The particles growth can be also realized by the 

small aerosol particles coagulation.  

 The aerosols determine the clouds formation 

processes and this interaction has crucial impact on 

clouds properties as well e.g. chemical composition, 

morphology, mixing state and particle size impact [30]. 

The average Earth’s cloud cover is around 60% so its 

impacts on weather and atmosphere properties 

modification is not negligible. Clouds can cause both 

cooling or warming of the climate. First, they can reflect 

part of solar radiation and second, they can absorb and 

keep heat radiation radiated from the ground. 

Furthermore, the cloud albedo depends on their types. 

Reflectivity coefficient of Cirrus, Stratus, Cumulus and 

Cumulonimbus is approx. 20–40, 40–65, 75 and 90% 

respectively. 

 These feedbacks found between aerosols and clouds 

[31] makes the modelling of the aerosols on a global 

scale extremely difficult [28, 32]. Due to this reason, 

particular attention should be paid for the research of the 

interaction between the aerosols and clouds. They 

mutual effects strongly influence the surface solar 

radiation flux density and the Earth’s heat balance [33, 

34]. 

 The monitoring of particles in the atmosphere is 

usually carried out due to the fact that the presence of the 

aerosols and clouds in the air modify substantially the 

climate system parameters. The atmospheric 

observations can include both in-situ and remote sensing 

techniques. Ground based instruments usually act within 

networks (e.g. Poland AOD, AERONET, EARLINET) 

where standardized data processing techniques are 

applied. These networks coverage ranges usually from 

local, through regional to global scale [35, 36]. 

The ecosystem observations provide the estimation 

of heat and mass (e.g. water and carbon dioxide) 

exchange between their active surface and the 

atmosphere [37]. 

The combination of the air particles/clouds and 

ecosystem production measurements provides the basis 

for development of complex models which allow to 

separate the air optical properties impact on the 

ecosystem CO2 uptake [24]. This studies are crucial due 

to the fact that peatlands play an important role in the 

global carbon budget and they reaction on atmospheric 

optical properties change is linked directly with CO2 

concentration in the atmosphere. 

The main goal of this study was the presentation of 

the scientific approach that will provide the basis for the 

comprehensive study the air optical properties impact on 

the Rzecin peatland CO2 uptake. 

2 Site description 

The measurements were carried out at the PolWET site 

that is placed in Rzecin village (52°45’N, 16°18’E, ca. 

54 m a.s.l.) approximately 70 km NW of Poznań in 

Poland [38]. The Rzecin peatland is located in the centre 

of the village and it is classified as a transitional 

peatland. The continuous measurements of clouds 

reflectivity, aerosol optical thickness, and CO2/H2O/heat 

fluxes are carried out at the station since March 2018, 

May 2016 and January 2004, respectively. These devices 

are all co-located measurements and these activities are 

realized in the framework of the Technical assistance for 

Polish Radar and Lidar Mobile Observation System 

(POLIMOS) project founded by European Space Agency 

(ESA). 

3 Atmospheric measurements 

Since the necessity of atmospheric optical properties 

surveys, our activities were focused on the permanent or 

semi-permanent observations of clouds and aerosols 

suspended in the atmosphere. The comprehensive 

description of the optical properties of the air is achieved 

by simultaneous observations of cloud, aerosol and 

aerosol optical thickness (AOT) with application of the 

following devices: cloud radar, lidar and sun photometer, 

respectively. These instruments and their operation have 

been described below. 

3.1 Clouds, precipitations and fog 

Clouds consist of droplets of water and/or ice crystals. 

These particles can be detected using passive or active 

methods. Passive observations (like sky camera) cannot 

answer specific questions about e.g. type of particles but 

active observations using instruments like radars make 

possible to study clouds more detailed. 

3.1.1 Radar 

This active microwave remote sensor was primarily used 

for the detection of ships and aircraft and for determining 

their ranges, and then was applied for other purposes e.g. 

rain detection. The principle of the radar operation is 

based on measurements of time delay between 
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transmitted and received wave [39]. Recent progress of 

radar technology led to development of novel radar 

technique that bases on the frequency modulated signal. 

This invention allowed for the continuous cloud 

remote sensing with e.g. 95-GHz Doppler cloud radar 

called the Bistatic Radar System for Atmospheric Studies 

(BASTA). This device was developed by a research team 

from the Laboratoire Atmosphères, Milieux, 

Observations Spatiales (LATMOS), Université de 

Versailles Saint-Quentin-en-Yvelines. The radar uses a 

frequency–modulated continuous wave (FMCW) 

technique that significantly reduces the cost of operation 

compared to traditional pulsed radars [40]. Emitted 

energy is transmitted continuously without interruption, 

as in the case of pulsed radar and modulation of the 

signal frequency is used instead of the pulse. Briefly 

speaking, the radar measures the reflected energy of the 

hydrometeors. These structures are defined as liquid or 

solid water particles that are suspended in the 

atmosphere (e.g. clouds, fog), blown by the wind from 

the Earth’s surface (e.g. sea aerosol), fall through the 

atmosphere (precipitation) or deposited on other objects 

(e.g. dew) [41]. 

Beside clouds, BASTA is capable to detect and 

parameterize precipitations and fog events as well. On 

the basis of BASTA’s products (reflectivity (Z) and 

Doppler velocity (fig. 1.)) it is possible to assess the 

droplet and ice crystal size. In our latitude, tropospheric 

profile up to 12 km is obtain.  

Reflectivity Z represents the mean reflectance of 

particles enclosed in a volume of space and is 

substantially expressed in units m6/m3 or mm6/m3. 

Regarding the drop-size distribution N(D), it can be 

computed as a continuous function of drop size [42]: 

                                                                        (1) 

 

Reflected energy depends on the water and/or ice 

content in clouds and the size of the particles. In the 

analysis of radar signals, the logarithmic scale is 

commonly used. To specify the radar reflectivity in 

decibels of reflection (dBZ), the following conversion is 

used [43]: 
                       
                                                                        (2) 

 
BASTA operates in three vertical resolution modes 

that depend either on cloud conditions or on the object 

being tested. There are 12.5 m (fog and low clouds 

study), 25 m (liquid and ice midtropospheric clouds 

study), and 100 m (optically thin high-level ice clouds 

study) with the maximum range of 6 km, 12 km, and 18 

km (24 km - extended range), respectively [40]. 

Combining radar data with other measurements 

allows to describe atmospheric situation in details. 

 

 

Fig. 1. Radar reflectivity Z (A) and Doppler velocity (B). The 

data was obtained on 22.05.2018 00:00–06:45 UTC at the 

Rzecin peatland. 

3.2 Aerosols 

Atmospheric aerosols still require investigation since 

these suspended particles modify substantially the 

strength of the radiative forcing observed in the 

troposphere.  

The detection of atmospheric aerosols can be 

carried out with both passive (e.g. photometers) and 

active (e.g. lidars) devices. The combination of lidar and 

photometric measurements enable us to study the 

microphysical aerosol properties in more detailed [44]. 

3.2.1 Raman LiDAR 

The atmosphere of Earth is highly variable both in time 

and space. By means of remote sensing techniques and it 

is possible to observe its changes in real time by various 

devices. One is Light Detection And Ranging (LiDAR), 

which emits a light pulses at specific wavelengths, and 

then collects the radiation reflected by molecules and 

particles suspended in the air on a telescope, and 

separates signals in wavelength detection unit [45]. By 

means of lidar instrument, the quantitative and 

qualitative assessment of aerosols, as well as a rough 

estimation of particles concentration are possible. 

Remote sensing observations of aerosol particles in the 

atmosphere over the Rzecin peatland are being carried 

out by ESA Mobile Raman Lidar (EMORAL). 

EMORAL was built by Raymetrics company through 

close cooperation with the University of Warsaw and 

Ludwig - Maximilians - University of Munich. A light 

source is a Nd-YAG laser, (SpitLight 400, InnoLas, 

Germany), emitting pulses at wavelengths: 355/532/1064 

nm at 10 Hz frequency. The signals are collected through 

a 30 cm large telescope. Collected radiation is separated 

and filtered by a wavelengths Separation Unit (WSU) 

composed of polarizing beam splitter cubes (PBCs), 

interference filters, lenses and photomultiplier tubes 

(PMT) [46]. The signal is detected on 8 channels: 3 

elastic (355/532/1064 nm), 3 inelastic Raman (387 and 

607 nm for N2, and 408 nm for H2O) and 2 elastic cross-

polarized (355 and 532 nm). All signals are 

simultaneously recorded using the analog and photon-

A 

B 
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counting methods (TR 40–160, 16 bits, Licel, Germany), 

except 1064 nm (only analog method) [47]. Through 

different wavelengths in various configurations, which 

EMORAL is able to measure, it is possible to observe 

presence of different particles in the atmosphere e.g. 

small ones such us sulfates and soot, fraction of small-

size mineral-dust particles, as well as to some extend 

also larger particles and hydrometeors such as clouds, ice 

crystals and hail [48]. The simplest form of the detected 

Lidar signal is as follows [45]: 

P(r)=K · O(r) · β(r) · T(r)                   (3) 

Where: 

K is a Lidar system constant, O(r) is a range dependent 

measurement geometry, both variables result from the 

design and components of the device. backscattering 

coefficient at range (r) describes β(r), and transmission 

T(r) describes the losses of the emitted signal. The latter 

both variables depend on atmospheric conditions during 

the measurement. The LiDAR equation in a more 

detailed form reads [45, 48, 49]: 
 

  (4) 

 

where: 
 β(r)=βmol(r)+βaer(r)                  (5) 

          α(r)=αmol(r)+αaer(r)         (6) 

 
P0 is the average power of a single laser pulse, c is the 

speed of light, τ is the duration of the laser pulse, η 

describes the optical efficiency of system components 

(overall system efficiency) and A is a telescope area. The 

overlap geometric form factor O(r) determines whether 

the laser beam is fully detected by the telescope. The raw 

signal includes background (Pbgr)solar radiation during 

daytime and electronic noise. The background is 

subtracted before starting the signal analysis. The most 

important variables are extinction coefficient α(r) and 

backscattering coefficient β(r), by means of which one 

can determine the type of aerosol particles suspended in 

the air. Extinction occurs due to scattering and 

absorption of light by particles and molecules, while 

backscattering coefficient describes how much light is 

scattered backwards onto the lidar receiver, and 

consequently is the basic atmospheric parameter 

determining the lidar signal strength. Lidar measures 

total extinction and backscattering coefficients, from 

which the aerosol extinction and backscattering 

coefficients (index aer) can be calculated by subtracting 

the molecular (index mol) component (usually obtained 

from radiosounding). Signals collected during laser 

measurements are automatically processed into a graphic 

form of quick-looks (fig. 2), which allows assessing  the 

aerosol/cloud atmospheric situation. 

 
 

 

 

 

 

 

 

Fig. 2. Backscattering coefficient – background and range 

corrected signal at the 355 nm – analog sensor (A) and linear 

volume depolarization ratio at 355 nm (B). The data was 

obtained on 22.05.2018 00:00–06:45 UTC at the Rzecin 

peatland. 

3.2.2 Sun photometer 

A multiband automatic sun photometer CE318 (CIMEL 

Electronique, France) is the ground based passive remote 

sensing instrument installed at the Rzecin peatland at a 4 

m high tower. It is an autonomous equipment that carries 

out continuous observations on a fully automatic mode 

[50]. 

In principle, this device measures the solar 

radiation attenuation that is caused by the presence of 

atmospheric aerosols above the sun photometer.  

During a single measurement, the robotic sensor 

head is aiming at the sun disk and the observations are 

completed when the path between the sensor and sun is 

free of clouds. The measurements of the AOT are 

conducted simultaneously within 9 spectral bands 340, 

380, 440, 500, 675, 870, 940, 1020 and 1640 nm [51, 

52]. This sun photometer is integrated within the Aerosol 

Robotic Network (AERONET) and operates under 

a standardized measurement protocol. This particular 

instrument is set up to measure both spectral sun and sky 

irradiances.  

The measured values are automatically transmitted 

and collected in the framework of the AERONET, where 

the data is processed and presented at the organization's 

website [51]. The AERONET provides also the 

standardized calibration procedure for each device to 

improve the quality of collected data. The sensor 

characteristics obtained within the calibration process are 

used for correction of the previously obtained data. 

 

4 Ecosystem measurements 

Field measurements of CO2 uptake are fundamental for 

the estimation the productivity of the entire ecosystem. 

Thus, the eddy covariance (EC) technique [37] is applied 

B 

A 
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C aF = ρ w' s' 

to measure the net ecosystem production (NEP) at the 

Rzecin peatland [38]. The system operates in  

a continuous mode that basically consists of two devices: 

the sonic anemometer (R3–50, Gill Ltd., Limington UK) 

and the H2O/CO2 infrared gas analyser (LI–7200, LI–

COR, Lincoln USA). Fast and accurate measurements of 

CO2 concentrations and vertical wind speed component 

fluctuations are used for the calculations of net CO2 flux 

density using the following formula [53]: 

 
    (7) 

 

where: 

CF  –  net CO2 flux density [g·m-2·s-1]  

a  - average dry air density[g·m-3], 
'w  - wind speed vertical component fluctuation [m·s-1], 
's – CO2 mixing ratio (dry air) fluctuation [g·g-1]. 

  

Both sensors are installed on a 4.5 m tall tower that 

is located in the central part of the peatland.  

The discontinuities in NEP time series are caused 

either by technical (e.g. lack of power) or 

methodological (e.g. lack of turbulence) reasons. Thus, 

the gap filling procedures have been developed in order 

to achieve temporal continuity of the time series [54].  

The Rzecin EC system is enriched with solar 

radiation and air temperature sensors, as radiative and 

thermal factors are main determinants of the ecosystem 

production. Both global and scattered Photosynthetic 

Photon Flux Density (PPFD) measurements are carried 

out using the sunshine sensor (BF5, DeltaT, UK) [55]. 

Additionally, air relative humidity and temperature are 

measured (HMP, Vaisala, Finland). Nocturnal values of 

net ecosystem production are used for the 

parametrization of ecosystem respiration (Reco) [56] 

determined by air temperature values. This relationship, 

in combination with NEP values, is finally used for the 

assessment of the gross ecosystem production (GEP). 

5 Instrumental synergies  

General idea on instrumental synergies can be 

assessed by close view on atmospheric situation above 

the measurement site, which can be characterized on the 

basis of radar and lidar quick-looks comparison (figs. 1 

and 2). Data interpretation can be supported by the 

analysis of backward-trajectories [57], modeled aerosol 

observations [58], and global fire data [59]. The analysis 

of lidar quick-look (fig. 2B) shows highly polarizing 

layers at a heights of 4.5-5 and 9 km. In addition, the 

stratification within the boundary layer (due to 

polarization presence) at 0:00–4:30 UTC is noticeable. 

This stratification is not observed in backscattering 

coefficient (fig. 2A). The height of the boundary layer is 

relatively constant and fluctuates around 2 km. The 

aerosol concentration in the layer between 4.5 and 5.5 

km is decreasing with time. It seems to disappear after 

cirrus appearance after 4 UTC. The saturation of the 

signal is also observed (cloud layer consisting of rather 

large particles, which results in signal attenuated 

in/above cloud).  

The combined analysis of radar and lidar graphs 

allows to state that clouds have been likely formed on 

the aerosol layer. It is confirmed by backward-

trajectories and modeled aerosol observations (not 

shown here for brevity), which indicated the occurrence 

of smoke (fires in Scandinavia) and sulfate (from 

anthropogenic or biogenic (e.g. marine plankton activity) 

sources) over the Rzecin peatland around 3 UTC on 22nd 

of May 2018 at the three height: 2 (top of boundary 

layer), 5 and 9 km. 

Radar quick-looks give an information about the 

height of the clouds base and top, and its internal 

structure. Comparison of lidar and radar obtained data, 

enables to distinguish whether lidar observes very strong 

aerosol clusters or rather clouds (e.g. between 3:00–4:00 

UTC a strongly depolarizing layer at a height of about 3 

km is observed and its located right under the cloud base, 

while it is not found in radar data).  

Radar observations provide also information 

regarding the structure of the cloud droplet movements 

(up- and down-drafts). The fall of clouds particles 

between 4:00 and 5:00 UTC is noticed. 

The combination of the lidar data with the sun-

photometry is crucial for the study of the aerosol optical 

properties. The derivation of the extinction coefficient at 

daytime from the lidar data alone is often limited by the 

high background radiation. The lidar data can be 

constrained with the photometer column at values to 

obtain high quality profiling at daytime.  

6  Ecosystem modelling and outlook 

Although research of peatlands is recognized an 

important scientific topic due to its sensitivity to climate 

variability, the impact of air optical properties on 

peatland ecosystems productivity has been rarely 

investigated. Recently observed trends of atmospheric 

optical parameters, e.g. global brightening [60], allows 

for expecting the linkages between incoming solar 

radiation and its scattering processes with the intensity of 

vegetation photosynthesis. Integrated aerosol/cloud and 

ecosystem studies are crucial for better understanding, 

parametrization, and consequently the peatlands fate 

prediction. 

In the context of ecosystems, their productivity 

models consider a plant’s canopy as a one solid layer 

(‘big leaf’) and this simplified approach results in an 

overestimation of plant canopy photosynthesis [61]. 

Two-layer models show better agreement between field 

measurements and simulated values than a big leaf one 

and this improvement is achieved by including both 

shaded leaves and scattered solar radiation [62]. The 

most complex multilayer models present the best 

estimation of ecosystem production, whereby they base 

on the photosynthesis estimation at the each sublayer of 

the entire plants canopy [63].  

The research conducted within the POLIMOS, 

combines techniques briefly described in the above 

sections, as applied simultaneously over the Rzecin 
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peatland. This provides detailed description of both 

cloud (cloud radar observation) and aerosol (lidar 

observation) properties, as well as CO2 uptake (EC and 

meteorological measurements).  

This unique data set serves as the basis for the 

development the complex model that will comprise both 

the radiative transfer modelling (RTM) and the 

ecosystem production modelling (EPM) (fig. 3). 

 

 
Fig. 3. The block scheme of the research plan. 

 

Generally, EPM estimates direct and scattered 

radiation fluxes that reach the leafs in the canopy. The 

upper leafs receive both direct and scattered radiation, 

while shaded leafs get only the scattered type of solar 

irradiance. The total canopy CO2 uptake is the sum of the 

separated parts of whole vegetation layer. The plant 

canopy structure applied in EPMs differs from simplified 

(single layer) to complex (multi-layer) one. Finally, the 

radiative transfer models provides the assessment of 

direct and scattered radiation fluxes. These values are 

used as an input data for ecosystem production model. 

Both RTM and EPM parametrization will deliver 

the quantitative ecosystem production where 

atmospheric optical properties will be taken into account. 

Such a complex model will be a useful tool for aerosols 

and/or clouds effect disentangling from the group of 

factors that determine the peat vegetation photosynthesis. 
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