
1. Introduction
The impact of wildfire smoke on public health is becoming an issue of growing importance. In a warming 
climate producing more frequent and intense extreme weather conditions (IPCC, 2019; Jones et al., 2020; 
Reisinger et al., 2014), together with an increase of human population in fire-prone areas, extreme wildfires 
are more likely to occur, including fires producing large columns of convection such as for PyroCumulonim-
bus (Dowdy et al., 2018), ejecting large amounts of smoke into the troposphere and stratosphere (Kablick 
et al., 2020). In fact, in only the past few years, the occurrence of these extreme events have dramatically 
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used as an opportunistic way to accurately measure rainfall and humidity. Radio links provide integrated 
measurements along their paths and are an exceptional untapped resource to complement air quality 
stations in areas affected by smoke events, or in developing countries without air quality monitoring 
capability. This study analyzed radio link signal fluctuations during smoke events associated with the 
2019–2020 Australian wildfires. Concurrently, the atmospheric boundary layer was characterized using 
atmospheric soundings and surface observations, as well as air quality proxies such as particulate matter 
concentrations less than 2.5 μm (10 μm), or PM2.5 (PM10). Observations showed that dry air containing 
large amounts of smoke within a surface layer above the ground acted as a lid, reducing dispersion, 
trapping and maintaining high ground-level concentrations of smoke. These conditions also created 
anomalous propagation conditions for radio links and operational weather radars. Power-law relations 
between signal fluctuations and PM10 and PM2.5 were derived based on the link data collected and the 
closest air quality station observations. While there was variability in retrieval performance across smoke 
events, the best performance determination coefficients exceeded 0.5, with an RMSE on the order of less 
than 50 μg m−3 for concentrations of more than 400 μg m−3. Mid-range link lengths (5–20 km) provided 
the best results.

Plain Language Summary Unprecedented mega wildfires in southern and eastern Australia 
generated considerable amounts of smoke and subsequent hazardous health conditions in Australian 
capital cities. We analyzed the atmospheric conditions during these smoke haze events within Greater 
Melbourne. Dry air containing large amounts of smoke sitting above the ground acted as a lid, reducing 
dispersion, trapping and maintaining high ground-level concentrations of smoke. Shallow planetary 
boundary layer at night also contributed to elevated concentrations. These conditions also created 
anomalous propagation conditions for radio links from cellular communication networks. Unique signal 
patterns were identified and shown to be related to these specific atmospheric conditions and smoke 
concentrations by analyzing the received signal levels of these links. It is proposed that these routinely 
recorded data by telecommunication companies be used to predict smoke concentrations at ground level 
during haze events.
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 increased, for example, in Canada in 2015 (Fort McMurray; Wu et al., 2018), California in 2019, and Aus-
tralia in 2019/2020 (Jones et al., 2020).

Flaming and smoldering combustion during wildfire events transform biomass and surrounding air into 
burning debris of various sizes, particulate matter (PM), and gaseous compounds. In the immediate prox-
imity of the fire front and in the smoke plume, larger debris such as pyrometeors (McCarthy et al., 2020) 
are suspended aloft while the convection remains strong enough, with gravity eventually landing them 
on the ground within minutes to hours after emission. Conversely, PM and gaseous compounds disperse 
by various means, including cold and warm fronts, subsidence in valleys, and low-lying areas with little 
convection, and through entrainment in the atmospheric boundary layer (ABL). These smaller particles im-
pact local, regional, or continental areas and remain in the atmosphere for extended periods of time (days, 
months, and years). Most concerning for human health impacts is the subsidence of these toxic gases and 
PM near ground level over large urban areas. While the nature and variability of the toxic PM and gaseous 
compounds are highly related to the type of biomass and combustion processes, of most concern for public 
health are the high concentrations of PM produced by wildfires (Reisen et al., 2015). Additionally, “aged” 
smoke PM is most likely to include higher amounts of organic content and presents an increased health risk 
(Keywood et al., 2015; Reisen et al. 2015). PM of less than 2.5 μm in diameter (PM2.5) are the most impactful 
and affect all human organs and systems (Reisen et al., 2015), including deep penetration into the lungs 
that impair lung function (Xing et al., 2016). Borchers Arriagada et al. (2020) have shown that the high con-
centration levels of PM2.5 associated with the 2019–2020 bushfires in eastern Australia were responsible for 
417 deaths, 1,124 hospitalizations for cardiovascular problems, 2,027 respiratory problems, and 1,305 asth-
ma-related issues. However, these authors limited their study to locations with available PM2.5 observations, 
so the impact of smoke from these fires on population health is likely to have been understated.

Monitoring of air quality and specifically PM is routinely conducted by governmental agencies using dedi-
cated stations and instrumental setup. PM2.5 and PM10 (PM with diameter less than 10 μm) are often meas-
ured locally using filter-based samplers, light scattering methods, or beta attenuation monitors (Chung 
et al., 2001). Due to the prohibitive cost of maintaining air quality stations, local measurements of PM2.5 and 
PM10 are scarce and often localized in densely populated urban areas in order to monitor emissions of PM2.5 
linked to road traffic. Spatially distributed observations of PM2.5 have been derived from satellite observa-
tions, relying on measurements of aerosol optical depths and backscattering profiles (Gupta et al., 2007). 
The drawback of these observation techniques is a lower accuracy in the measurements as compared to 
ground-based stations. Measurements are often integrated over vertical profiles, not necessarily represent-
ative of concentrations of PM2.5 close to the ground. The data coverage can sometimes be limited due to 
unfavorable weather conditions (Tian et al., 2010). Over the past 20 years, significant progress has been 
made to develop accurate smoke prediction models (Goodrick et al., 2013). A variety of models have been 
proposed (Kochanski et al., 2019; Y. Liu et al., 2019), with different degrees of complexity and more or less 
integration of detailed physical processes. Smoke modeling frameworks are operational tools that integrate 
the various components of the smoke modeling steps, including the fuel flaming and smoldering, the emis-
sions, convective plumes, transport and dispersion, and eventually chemical transformation. An extensively 
used framework in the U.S. is BlueSky (Larkin et al., 2010) which has proven to provide reasonably accurate 
predictions although consistent underestimation of PM2.5 concentrations when compared to satellite obser-
vations (Goodrick et al., 2013). Smoke prediction frameworks ingesting satellite observations of fire location 
and occurrence, such as High Resolution Rapid Refresh or HRRR (Ahmadov et al., 2017), provide real time 
maps of smoke and project smoke transport into the future. Ultimately, these frameworks tend to ingest a 
variety of data to improve the model predictions of smoke occurrence (Kim et al., 2020).

Radio links otherwise known as commercial microwave links (CMLs) are the backbone of cellular com-
munication networks. The use of CMLs for opportunistic sensing of atmospheric variables was proposed 
almost two decades ago. One CML is made of a transmitting and a receiving antenna, operating in the mi-
crowave spectrum between 2 and 90 GHz and spanning over hundreds of meters to tens of kilometers. The 
most recent CMLs supporting the 5G networks (Fencl et al., 2020) operate at higher frequencies (71–76 and 
81–86 GHz), while the older CMLs, which comprise most of the world’s current point-to-point backhaul 
CMLs operate at lower frequencies (6–40 GHz).
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Recorded attenuations of received signal levels (RSLs) due to scattering and absorption by raindrops has 
been shown to be directly due to the occurrence and intensity of rainfall; measuring rainfall intensity using 
the Beer-Lambert law of extinction was therefore made possible (Leijnse et al., 2007; Messer et al., 2006), 
taking into account factors such as wet antenna effects and the variability of the raindrop size distribution. 
In addition to rainfall, David et  al.  (2009,  2013) proposed to use CML signal fluctuations to detect and 
monitor the occurrence of fog or water vapor. Again, measured attenuation was shown to be linked to the 
concentration of air liquid water content and measured visibility.

The interaction of electromagnetic (EM) signals at microwave frequencies with burnt biomass-generated 
smoke has seen very few investigations (McCarthy et al., 2018). Most of the theoretical and observational 
work has been conducted at lidar wavelengths, in order to understand and model the scattering and absorp-
tion of light by smoke PM (L. Liu & Mishchenko, 2020). At microwave and radio frequencies, relatively long 
wavelengths (low frequencies) are much larger than the typical smoke aerosol diameter, and therefore do 
not interact directly with the suspended particles, in particular “aged” smoke transported further from the 
fire front. In order to produce significant and measurable scattering at microwave frequencies, fire-generat-
ed particles will have to be of the size of ash (in the order of mm), while aged smoke (micron-size particles) 
will have negligible scattering effect on the microwave EM signals. However, conditions of high smoke con-
centration could possibly produce or be linked to variations in the air refractivity. Anomalous propagation 
conditions have previously been identified in radio link RSLs and linked to pollution (David & Gao, 2016), 
sea-breeze (Rao et al., 1999) and synoptic weather patterns such as fronts (Arvola, 1957). To demonstrate the 
potential for monitoring smoke PM with such radio link RSLs fluctuations, data collected during conditions 
of smoke haze resulting from the large wildfires that occurred in South-East Australia during the Southern 
Hemisphere Summer period of 2019–2020 have been analyzed. In particular, data from over 100 radio links 
operating in the larger Metropolitan area of Melbourne were analyzed together with ABL vertical sound-
ings and routinely measured air quality data including PM2.5 and PM10.

2. Material and Methods
2.1. Propagation of Electromagnetic Signals in the Atmospheric Boundary Layer

2.1.1. Refractive Index Fluctuations

The refractive index (n, dimensionless) describes the properties of EM wave propagation within a given 
volume. This index varies with wavelength and in the atmosphere, with n depending on the nature and 
properties of the air masses through which the EM wave is traveling. In particular, near the surface and 
within the ABL, n varies greatly as a function of local variations of air temperature, humidity, and pressure 
in the vertical and horizontal planes. These variations could be of diverse nature, either caused by stratifi-
cation, larger-scale movement of air masses, mechanical or convective turbulence or the combination of all 
of these. In order to describe and resolve the propagation of an EM signal of a given wavelength within the 
ABL, the refractive index is typically decomposed as a sum of an average and its fluctuations. The scaling 
approach (Monin-Obukhov) can be used to describe the turbulence within the ABL using a defined set of 
parameters (Frehlich, 2000). The propagation of the EM waves can be described using the Helmholtz wave 
equation and solved using a split-step Fourier algorithm (Chou & Kiang, 2014). The aim of this paper is not 
to simulate EM propagation, but theoretical basics are presented here to guide the discussion on the results, 
which are extracted from case-study observations of radio link RSLs within the ABL.

2.1.2. Atmospheric Boundary Layer

The ABL vertical structure is commonly described using the potential temperature (θ, K), which can be 
estimated from the measured air temperature (T, K) and pressure (p, hPa) following:


 

   
 

2/7
0 ,pT

p
 (1)

with p0 (hPa) the reference pressure (taken as 1,000 hPa). These variables are routinely measured in atmos-
pheric soundings and can typically be used to characterize the static stability of an unsaturated atmosphere. 
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Stable, stratified conditions will see potential temperature increase with height (





0)
z

 while unstable 

conditions will see potential temperature decrease with height (





0
z

).

2.1.3. Refractive Index Structure Parameter 2
nC

2
nC  is a quantitative measure of optical scintillations, a phenomenon occurring when turbulent fluctuations 

in the refractive index of air can be observed, that is, variations in the speed at which the EM wavefront 
propagates (Tunick, 2003). The approach proposed by Tatarskii (1961) has been widely used for calculating 

the structure parameter of the refractive index of air 2
nC .

In this model, 2
nC  is related to the vertical gradient of refractivity assuming a stationary regime and a 

well-developed turbulence that follows the Kolmogorov law. Tatarskii (1971) derived a relation between the 

variance of the natural logarithm of the intensity of a signal (   2
ln I ) of a given wavelength λ (m) originating 

from a point source and 2
nC  according to:
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with Γ the gamma function, k (m−1) the wave number of the given signal (2π/λ), and L (m) the link length.

Later, Hill et al. (1980) proposed a relation between 2
nC  and the structure parameter of temperature ( 2

TC , K2 
m−2/3) and moisture ( 2

QC , kg2 m−2/3) such that:

  
22

2 2 2
2 2 2 .Q TQT

n T Q T Q
C CCC A A A A

TQT Q
 (3)

The cross-structure parameter of temperature and humidity TQC  can be written as  ,TQ TQ T QC r C C  where rTQ 
is the correlation coefficient between temperature and humidity (Kohsiek & Herben, 1983). The values of 
AT and AQ can be obtained from literature (Andreas, 1989).

At radio frequencies, fluctuations in moisture content due to turbulence play a dominant role in determin-

ing 2
nC  ( 2 2that is, Q TC C ) while temperature-related turbulence plays a more important role in near-visible 

wavelengths  2 2that is T QC C . These properties led to the design of dedicated scintillometers for measur-

ing either 2
TC or 2

QC , and by combining visible and microwave frequencies the cross-structure parameter CTQ 

(de Bruin, 2002). In order to see large fluctuations in 2
nC  at radio frequencies, suitable conditions typically 

consist of high moisture content marine environments, or open water surfaces where latent heat fluxes are 
predominant (Leijnse et al., 2007). In contrast, continental surfaces dominated by sensible heat fluxes and 

characterized by lower air moisture content produce very little fluctuation in 2
nC  due to turbulence at radio 

frequencies.

2.1.4. Empirical Estimation of the Air Refractivity

The atmospheric refractive index can be computed (ITU-R P.453-14, 2019) using:

   61 10 ,n N (4)

where N (dimensionless) is the refractivity that can be calculated following the approximate expression 
(ITU-R P.453-14, 2019):
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77.6 4810 ,pePN
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 (5)

which has a reduced accuracy of 0.02% compared to the value obtained with the full expression for tempera-
ture ranges from −50°C to 40°C, with P the atmospheric pressure (hPa), T the absolute air temperature (K), 
and ep the partial vapor pressure (hPa) calculated from:

 RH / 100,p se e (6)

with es the saturation vapor pressure (in Pa) calculated by:

 
  

17.27
237.3611 ,

T
T

se e (7)

with T the air temperature (in °C). For a spherical earth, and a uniform refractive index across the atmos-
phere, EM rays are curved relative to the ground surface. The modified refractivity (M) enables approxima-
tion to a flat earth in which the refractive index varies with height z as z/Re (Re = 6.371 × 106 the mean earth 
radius (m) and z (m) the height above the earth surface) calculated from N as:

  610 / .eM N z R (8)

2.1.5. Anomalous Propagation and Ducting

In engineering applications such as microwave propagation devices (weather radars, microwave links, an-
tennae, etc.), vertical gradients of refractivity (dN/dz, with z the altitude in km) are typically used to define 
propagation conditions: subrefractive layers will see values greater than 0 km−1, “normal” refraction will 
see values ranging from 0 to −78.7 km−1, superrefractive conditions with values ranging from −78.7 km−1 to 
−157 km−1, while the most extreme cases of superrefractive anomalous propagation conditions with values 
equal to or less than −157 km−1 create “ducting” conditions. These values are approximates deduced from 
EM propagation models using geometrical considerations on the earth curvature. There are three idealized 
types of ducts identified in the literature: surface ducts, surface-based ducts, and elevated ducts. Surface 
ducts are typically induced by temperature inversions; surface-based ducts are formed when elevated air is 
exceptionally warm and dry as compared to that of the surface. These types of ducts are known to occur be-
tween heights of 50 and 1,000 m above the ground surface. The refractive index fluctuations inside the ducts 
can be calculated using approaches combining a propagation model with a two-dimensional Kolmogorov 
spectrum solved with a split-step Fourier algorithm. This enables the effect of turbulence on refractive index 
fluctuations to be taken into account, in addition to the larger scale layering of the refractivity. Chou and 
Kiang (2014) used a split-step Fourier approach to simulate real case-study observations of vertical profiles 
of refractivity in order to evaluate the effect of turbulence on EM propagation in the occurrence of ducts 
and for different ABL conditions. They show that in the unstable case, the effect of turbulence is negligible, 
while in the stable case, the effect of mechanical turbulence induces energy leakage from ducting and non-
ducting regions and leads to a more uniform distribution of signal attenuation within the duct.

2.2. Scaling Law Hypotheses for Particulate Concentration

2.2.1. The Unstable Case: Scintillation Due to Turbulence

Observed fluctuations of link RSLs   2
ln I  are directly related to variations in the refractive index of air and 

its structure parameter 2
nC , which itself is related to fluctuations of 2

QC  and CTQ at frequencies of 5–40 GHz. 
At these frequencies, there is more sensitivity to water (i.e., as compared to temperature for near visible), 
so for fluctuations to be observed, conditions should likely be more humid rather than dry. If there are 

fluctuations in 2
QC  and/or CTQ due to heterogeneities in the turbulent eddies linked to moisture fluctuations 

or correlated temperature-moisture variations, these would be related to fluctuations in PM concentration. 
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In fact, the PM concentration will follow a Poisson distribution, where 
the larger the PM concentration, the larger its variation across time and 
space, with these variations in concentration related to the strength of 
turbulent eddies and humidity and temperature heterogeneities.

2.2.2. The Stable Case: Anomalous Propagation

In the stable case, the layering of the refractive index induces anomalous 
propagation conditions, either surface ducting, surface-based ducts or 
elevated ducts, depending on the location of the temperature inversion 
(Fabry, 2015; Mentes & Kaymaz, 2007). The full-scale of processes in the 
ABL is complex, but as a simplification one can assume that a high smoke 
concentration will create stronger temperature inversions: the presence 
of a larger number of PM induces higher absorption in elevated air layers, 
and reduces further radiation reaching the ground, therefore increasing 
the strength of the inversion. This in turn would increase the contrast 
between layers of refractivity and produce a stronger gradient of dN/
dz, producing strong ducting conditions. PM concentrations could thus 
be assumed to be linked to the strength of dN/dz, which itself would be 
expressed in larger variations in RSLs (large increases in RSL, or large 
decreases in RSL). However, in this case, the location of the duct or su-
perrefractivity layer combined with the geometry of the links (elevation 
of receiver and transmitter antennas, and effective height above ground) 
will have an important effect as well.

For both the unstable (scintillation) and stable (anomalous propagation) 

cases, it is hypothesized here that the variations in RSLs (   2
ln I ) are linked 

to PM concentrations (PM10 and PM2.5) via a power relation of the type 

PM = a   2
ln I

b, where the a and b parameters can be determined by the 

best fit based on the observations. This is based on similarities with other 
proxies such as temperature or humidity; in terms of fluctuations the case 
of scintillation, or vertical gradients of temperature or humidity for the 
stable case.

2.3. Study Area and Context

The severity and unprecedented scale of the 2019–2020 mega wildfires in eastern and southern Australia, 
also known as “Black Summer,” generated considerable destruction of biomes and natural habitats, with 
a total burnt area of more than 18.6 M ha, 34 fatalities, and more than 5,900 properties and buildings de-
stroyed (Boer et al., 2020). The large amounts of burnt biomass produced considerable emissions of smoke 
and PMs, which dispersed locally, regionally, and globally. Some of these megafires burnt for as long as 19 
weeks (Boer et al., 2020). The mesoscale weather conditions created varying dispersion mechanisms for the 
emitted smoke, sometimes entrapping high concentrations of smoke in valleys or low-lying areas, while 
other more suitable conditions enabled efficient dispersion.

The eastern and southern Australian capital cities (Canberra, Sydney, Melbourne, and Brisbane) suffered 
long-lasting and high concentration exposure to PM2.5, especially Sydney and Canberra, where these condi-
tions lasted for several weeks. Because of the influence of south-westerlies, Melbourne was less exposed but 
experienced a series of major smoke events lasting in the order of 12–48 h for each event during January 
2020. Accordingly, this study focused on the area of Greater Melbourne, where access to CML data has been 
made possible through another experiment focusing on rainfall measurements (Pudashine et al., 2020).

Figure 1 shows in true visible colors an area comprising Greater Melbourne (at the center of each subpanel) 
and the Australian Alps to the East, where smoke plume columns can be seen in subpanel (a). During Jan-
uary 2020, large fires burnt in the densely forested areas of the Australian Alps (Northern and Gippsland 
areas), with fire fronts located at distances ranging from 150 to 400 km from Melbourne CBD. Generally, 
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Figure 1. Satellite imagery (Himawari-8) true visible colors, showing 
Greater Melbourne in the center of each subpanel in: (a) late evening on 
the 3rd of January; (b) early morning on the 4th of January.

(a)

(b)
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intense fire activity is associated with high ground-level air temperature, low relative humidity, and strong 
wind, which are common during that time of the year. The mesoscale setup for the 3rd and 4th of January 
was typical for the events presented herein, with strong northerly or north-westerly winds pushing the 
fire smoke plumes to the southeast (Figure 1a), often breaking out of the ABL in the early morning when 
fire-generated convection is sufficient, and entraining a large amount of smoke in the free troposphere. The 
direction of the flow generally changed to northerly, or north-easterly toward the end of the day, pushing 
the smoke previously entrained in the free troposphere toward Melbourne. Subsidence and downdrafts 
(“wisps,” Deardorff et al., 1969) gradually helped to increase the smoke concentration within the ABL (Pahl-
ow et al., 2005). Concurrently, some of the smoke remained within the ABL and was further transported 
within the ABL at hundreds of km from its origin. In the case of the 4th of January, a south-westerly front 
(Figure 1b) including precipitation cleared the region from smoke, marking the end of that event.

2.4. CML and Weather Radar Data

RSL data from one of the cellular communication operators are available for this study within a radius of 
200 km around the city of Melbourne. The total number of links was 178, including 64 duplex links and 50 
single links, but 34 out of the 178 links did not operate over the study period, leaving 144 available links for 
analysis (Figure 2). The path lengths (L, m) ranged from 100 m to 30 km with the corresponding frequencies 
spanning from 6 to 39 GHz. The RSLs were sampled at 10 Hz with a resolution of 0.1 dB and the received 
signal power average (Pavg, dB), minimum (Pmin, dB), and maximum (Pmax, dB) stored at the end of each 
15 min interval. All the links were vertically polarized except 9, which were horizontally polarized. The 
transmitted powers for all links remained constant. The full day of the 31st of January 2020 (AEDT) is the 
only gap in the data set, where data are unavailable for all the links.

An S-Band weather radar operated by the Australian Bureau of Meteorology (BoM) collected data over the 
study area and was located at Laverton (37°51’36” S, 144°45’36”E) being 44 m above sea level (Figure 2). 
From the radar ground clutter reflectivity data, maps of the 95th percentile of ground clutter reflectivity 
(Z95, dB) were produced at 6-min resolution using the relative calibration adjustment approach proposed by 
Louf et al. (2019) within a 10 km range around the radar. Ground clutter pixels were identified by a frequen-
cy of occurrence above 95%, a reflectivity above 50 dBZ and a cross-correlation coefficient <0.5. In normal 
conditions, the monitoring of Z95 allows a quality check of the radar calibration constant. Here, the idea was 
to use the observed changes in Z95 to monitor conditions of superrefractivity or ducting: in these conditions, 
the radar beam would bend further to the ground, leading to an increase of Z95. Differences in Z95 of as little 
as 0.2 dB can be confidently detected with this technique.
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Figure 2. Location of the links (lines: green, f < 10 GHz; blue, 10 GHz < f < 30 GHz; red, f > 30 GHz), air quality stations (red dots: measuring both PM2.5 and 
PM10; yellow dots, measuring PM2.5 only), Melbourne airport (orange), S-Band weather radar (purple), automatic weather station (AWS) in Greater Melbourne.
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2.5. Ground Weather and Atmospheric Profile Sounding Data

A Vaisala WXT520 automatic weather station dedicated to the study of rainfall using radio links (Pudash-
ine et al., 2020) was installed at Mt Waverley Reservoir (Figure 2) to measure air temperature (T, °C) and 
humidity (RH, %). These observations were used as reference for the variable time-series presented in this 
study.

Rain gauges operated by the BoM and the local water agency (Melbourne Water) were used to detect peri-
ods of rainfall for each link following the same procedure as described in Pudashine et al. (2020). A total of 
168 gauges operated by Melbourne Water and 258 gauges operated by the BoM with a tipping resolution of 
0.2 mm and temporal resolution of 6 min were used.

Atmospheric soundings were conducted at Melbourne airport (Figure 1) twice per day, at 00 UTC (9 a.m. 
AEDT) and 12 UTC (9 p.m. AEDT), except for some days where soundings were not available. Soundings 
were automatically retrieved from a web-based archive (http://slash.dotat.org/cgi-bin/atmos). For each 
sounding, atmospheric pressure (P, hPa), air temperature (T, °C), dew point (Td, °C), wind direction and 
speed (u, m s−1) and altitude (z, m) were measured at regular intervals to build a vertical profile of atmos-
pheric variables. From these, the refractivity N and the gradient of refractivity (dN/dz) were derived using 
Equation 4, and the modified refractivity using Equation 8, respectively. For each 12 UTC sounding, data for 
the first two altitudes (the closest to the ground) were erroneous, either filled with zeros, or spurious data. 
These were removed from further analysis. Ground observations from an automated weather station oper-
ated by the BoM (station 86282) were used to fill observation gaps at ground level, and additional values of 
refractivity and dN/dz were calculated for the intermediate datapoints using a linear interpolation between 
ground-level values and values for the 3rd level observation of each 12 UTC sounding.

2.6. Air Quality Data

The environmental protection agency (EPA) of the Australian state of Victoria operates a number of air 
quality stations across the Melbourne metropolitan areas, which were used in this study as a reference com-
parison against the RSLs from the radio links. There were 7 stations within Greater Melbourne measuring 
both PM10 and PM2.5 and 6 stations measuring only PM2.5 (Figure 2, Table S1). A tapered element oscillating 
microbalance monitor continually measured the concentration of PM10. Two methods were used to monitor 
PM2.5: (i) standard beta attenuation monitors automatically measured and recorded airborne particles by 
collecting these on a filter tape and measuring the reduction in beta rays traveling through the particles; 
(ii) light-scattering sensors automatically measured the number of particles passing through a beam, using 
light scattering and attenuation to record the concentration of particles in the air. In addition to PM10 and 
PM2.5, the EPA also deployed instruments to measure the visibility and carbon monoxide (CO) at selected 
locations. Carbon monoxide concentrations (CO, ppm) were measured using an infrared closed-path in-
strument. Visibility (Vis, 1/mm) was measured based on light scattering using a nephelometer. Only two 
sites (Geelong South and Alphington) displayed simultaneous records of PM10, PM2.5, CO and Visibility. For 
each of these two sites, CO and Visibility were compared to PM10, PM2.5. All measurements were averaged 
to 1-hour intervals.

3. Results
3.1. Received Signal Levels and Z95 during Smoke Events

RSLs of one reference link (frequency of 15.2 GHz and length of 19 km) were used to illustrate typical signal 
patterns for the full period of interest ranging from early January to early February 2020. Figure 3 shows 
the time-series of the link RSL together with the radar Z95 as well as environmental variables as measured 
by the different sensors. Thresholds of 27 μg m−3 for PM2.5 and 50 μg m−3 PM10 were used to define smoke 
pollution events under Australian regulations and are used hereafter to define “smoke events,” when one of 
these criteria is met. At the two sites where comparisons were possible, very strong correlations were found 
between visibility and PM2.5 (and PM10) with correlation coefficients of 0.97 and 0.98 for PM10 and around 
0.9 for PM2.5 (Figures S1 and S2). High correlation coefficients were also found when comparing PM2.5 (and 
PM10) to CO. This supported the use of only PM10 and PM2.5 to compare to RSLs in this study. Six events have 
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been identified based on the time-series of PM2.5 and PM10 (Figures 3d and 3e). Two of these events coincide 
with rain events and are not considered for further analysis due to the complexity of interpreting mixed 
signatures when rainfall is present. Four events are retained and labeled for the analysis (E#1 for event #1, 
and so on), with the end of some of the events being marked by the occurrence of rainfall (for E#1, E#3, and 
E#4). Each of these four events was associated with elevated air temperatures and low relative humidity. 
Indeed, such conditions are typically necessary for triggering an increased wildfire activity and subsequent 
generation of smoke on fire grounds hundreds of km away to the east of the city.

During rainy events, RSLs typically followed the behavior described in the literature (Leijnse et al., 2007), 
where the average (as well as the minimum and maximum) RSLs decreased proportionally with the rainfall 
rate. Outside of the rainy events, the RSL fluctuated but the average remained roughly equal to its baseline 
(previous 24 h-centered window). Remarkably, during the smoke events, the values of the maximum and 
minimum RSL over 15 min intervals reached further extreme values (larger maximum and lower mini-
mum). Since the RSL was sampled at 10 Hz, the maximum and minimum are the outer shape of a distri-
bution of values (possibly a normal distribution), or the outliers of that distribution. Coincidentally, during 
smoke events, Z95 peaked at values of a couple dB to up to 5 dB above the baseline Z95, which itself remained 
constant at around 77 dB. In Figure 3f, the difference between the 15-min maximum and minimum, nor-
malized by the link path length is shown and labeled as <e> (dB km−1) for “entropy.” The rationale for using 
the difference between the maximum and minimum for comparison with PM10 and PM2.5, versus only the 
minimum or maximum, is discussed in the next section.
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Figure 3. Time-series for January and early February 2020 of: (a) RSL for link #39 and S-Band Z95; (b) rainfall; (c) ground-level air temperature and humidity; 
(d) PM2.5; (e) PM10; and (f) entropy <e>.
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3.2. Relations Between Received Signal Levels and PM2.5 and PM10

In order to investigate which of Pmax, Pmin or a combination of Pmax and Pmin is the best proxy to compare 
to PM as measured locally, linear regressions were performed for (Pmax−Pmin)/L, Pmin/L, and Pmax/L against 
PM2.5 and PM10. The received power values were divided by the corresponding link path length to normalize 
the received values (in dB km−1) in order to facilitate comparison between RSLs from various links. To find 
the closest PM station, the minimum distance between the centerpoint of the link and the station location 
was found. Figure S3 shows the distribution of the coefficient of determination values for each regression 
type, type of PM, and for each of the four events. There is variability among events, with E#1 and E#2 per-
forming considerably better than E#3 and E#4. The possible reasons behind these disparities are discussed 
in the next section, where events are analyzed individually. For both PM2.5 and PM10 and for all events, the 
signal most relevant to compare with PM concentrations appears to be Pmax, with Pmin performing considera-
bly worse. However, the combination of Pmax and Pmin, in terms of their difference (in dB, normalized by the 
path length), led to a smaller spread in R2 than seen when using Pmax only, while keeping the same average 
performance (mean of R2 for each of the regression subsets). In addition, using (Pmax−Pmin)/L enabled to 
provide a standard value (dB km−1) independent from each RSL baseline value, and made comparison of 
regression coefficients across different links possible.

3.3. Event-Based Analysis

Each of the four events of January 2020 were analyzed separately, using time-series of the entropy for select-
ed links grouped into frequency ranges (f < 10 GHz, 10 GHz < f < 30 GHz), together with concentrations as 
measured by the PM stations, as well as the S-Band radar Z95. In addition, atmospheric profiles of modified 
refractivity (M, unitless) and of the gradient of refractivity with height (dN/dz, km−1) are shown in side 
panels. These are plotted in Figures 4 and 5 and Figures S4 and S5.

3.3.1. Event #1: 3rd of January 2020

During the first event on 3rd of January 2020, particulate concentrations reached over 200 μg m−3 for PM10 
and 500 μg m−3 for PM2.5 at their peaks (Figure 4), being levels considered as hazardous for human health. 
Concentrations peaked at various times of the day for each PM measuring station, from the late afternoon 
in the western suburbs to the middle of the night for the eastern suburbs (Dandenong). The air temperature 
at ground level was around the climatic average for that time of the year, but the relative humidity was low 
(down to below 20% and remained relatively low at 30%–40% during the night-time). The radar Z95 showed 
a clear signature with an increase of up to 6 dB as compared to its baseline, with a maximum at 15:00 UTC. 
Lower frequency links (both categories < 30 GHz, on panels d and e) showed simultaneous increases in 
<e> for some links (link 11 and 114), while for most of the selected links the <e> values peaked at different 
times of the day, and often with a much wider peak base as compared to the radar Z95. The <e> values of 
high-frequency links (panel f) showed apparently random and little variation during that event. Vertical 
profiles of the modified refractivity showed the occurrence of a surface-based duct on the 3rd of January at 
12:00 UTC, which is neither present on the morning sounding of the same day or on both soundings from 
the following day. This duct had a base located lower than 200 m above the ground at 12:00 UTC, although 
its spatial extent and homogeneity remained unknown. The potential temperature shows the presence of a 
stable layer from 100 to 400 m above ground level. The surface layer (below 100 m AGL) shows subrefractive 
conditions.

3.3.2. Event #2: 9th of January 2020

During the late morning of the 9th January 2020 (starting at 9:00 UTC), PM2.5 and PM10 gradually increased 
to reach peak values during the late night (15:00 UTC), with varying concentrations of 50–100 μg m−3 for 
both PMs (Figure S4). The temperature was similar to E#1 but the relative humidity was significantly higher 
during the night (around 60%) as compared to E#1. The radar Z95 showed a distinct signature with an in-
crease of 3 dB as compared to its baseline, with a similar peak shape as for E#1. Lower frequency links (both 
categories < 30 GHz, on panels d and e) showed simultaneous increases in <e> for some links (links 11 and 
114), while for the remainder of the selected links, their <e> values peaked at different times of the night, 
and often with varying peak base widths as compared to the radar Z95. The <e> values of high-frequency 
links (panel f) showed little variation during that event, possibly due to random noise. Vertical profiles of 
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the modified refractivity showed the occurrence of a surface-based duct on the 9th of January at 12:00 UTC, 
which is neither present on the morning sounding of the same day or on both soundings from the follow-
ing day. This duct had a base located at around 200 m above ground at 12:00 UTC, being therefore slightly 
higher than for the first event. The potential temperature shows the presence of a stable layer from 100 to 
600 m above ground level, a larger depth than for the first event. Similarly, as for E#1, the near-surface layer 
(below 100 m AGL) showed subrefractive conditions.

3.3.3. Event #3: 13th and 14th of January 2020

This event spanned over a longer period, starting with a sharp increase in PM concentrations during the 
early night of the 13th January 2020 (9:00 UTC), shortly after sunset (Figure 5). PM2.5 and PM10 quickly 
reached values of up to 1,000 and 500  μg m−3 respectively, with spatial variability in the timing of the 
maxima, with the south-western suburbs (Dandenong) showing delayed maxima. The concentration lev-
els decreased steadily during the following day and night but remained at hazardous levels (above 200 μg 
m−3) until reaching lower values during the day of the 15th January. The radar Z95 showed no variations 
during the night of the 13th January, and a double peak with increases of up to 3 dB from the Z95 baseline 
on the night of the 14th January, with peak widths covering the entire night-time. Ground-level relative 
humidity was high (above 80%) during the first night, and low (around 30%) during the second night, while 
the air temperature was similar as for the first two events. Lower frequency links (panels d and e) showed 
small variations in <e> during the first night (maximum values below 0.5 dB km−1), although some of the 
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Figure 4. Time-series of selected variables for E#1: (a) Ground-level air temperature and relative humidity; (b) and (c) measured concentrations of PM2.5 and 
PM10, respectively; (d) entropy <e> for links with frequencies < 10 GHz; (e) entropy <e> for links with frequencies > 10 GHz and <30 GHz; (f) entropy <e> 
for links with frequencies > 30 GHz; (g) Z95 and incoming shortwave radiation SWin. The right panels show (h) and (l) the gradient of refractivity (dN/dz) as a 
function of altitude, (i) and (m) modified refractivity M, (j) and (n) potential temperature θ and, (k) and (o) water content, as derived from the soundings. Red 
shadings show the conditions for ducting, orange shadings for superrefraction, and cyan for normal conditions, while white show the subrefraction conditions. 
The first datapoint is shown as an asterisk since it is calculated using ground and sounding data and possibly more prone to uncertainties.
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selected links showed no variations (link 5). Variations for the lower frequencies were again of the same 
order for the second night, although some links (e.g., 114) showed maxima of <e> above 1 dB km−1. Link 
90 on the other hand showed significant variations during the entire period with maximum values above 
2 dB km−1. As for the first two events, the higher frequencies (panel f) showed only apparently random 
variations during that period.

Vertical profiles of the modified refractivity showed the occurrence of a surface-based duct on the 13th 
of January 2020 at 12:00 UTC, which was still present in both the morning and evening soundings of the 
14th January. This surface-based duct had a base around 350 m and a shallow depth of 100–200 m at 12:00 
UTC, deepening on the 14th January at 00:00 UTC to the 700 m AGL, while being slightly more shallow on 
the 14th January at 12:00 UTC and less pronounced (as seen in lower values of dN/dz). As for the first two 
events, the near-surface layer showed subrefractivity conditions, but in the case of this event, this near-sur-
face layer seemed deeper (from ground level to 200 m, or even 300 m in the first night). Ground level relative 
humidity was high (above 75%) during the first night, and much lower on average during the second night 
(around 30%).
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Figure 5. Time-series of selected variables for E#3: (a) Ground-level air temperature and relative humidity; (b) and (c) measured concentrations of PM2.5 and 
PM10, respectively; (d) entropy <e> for links with frequencies < 10 GHz; (e) entropy <e> for links with frequencies > 10 GHz and < 30 GHz; (f) entropy <e> 
for links with frequencies > 30 GHz; (g) Z95 and incoming shortwave radiation SWin. The right panels show (h) and (l) the gradient of refractivity (dN/dz) as a 
function of altitude, (i) and (m) modified refractivity M, (j) and (n) potential temperature θ and, (k) and (o) water content, as derived from the soundings. Red 
shadings show the conditions for ducting, orange shadings for superrefraction, and cyan for normal conditions, while white show the subrefraction conditions. 
The first datapoint is shown as an asterisk since it is calculated using ground and sounding data and possibly more prone to uncertainties.
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3.3.4. Event #4: 29th of January 2020

During this event, PM2.5 remained relatively low (below 25 μg m−3) but PM10 showed spatial variability with 
values above 100 μg m−3 in the western suburbs) (Figure S5). The ground level air temperature showed sim-
ilar trends and values as the other events, while the humidity saw abrupt variations during the night of the 
29th January, typical signatures of horizontal and vertical variability and mixing of air masses of different 
properties. A distinct peak in Z95 with a maximum of 4 dB increase as compared to its baseline and peak 
width of 4–5 h was observed. Simultaneous increases in <e> for lower frequency links were observed (panel 
d and e) with values above 2 dB km−1. The timing of the maxima for these links was spread across the night 
with links 39 and 114 showing good synchronization with the Z95, while the other links (105, 11) peaked 
much earlier in the night, suggesting strong spatial variability of PM over Melbourne. The sounding on the 
29th January at 12:00 UTC displayed a temperature inversion (base around 100 m AGL), with a correspond-
ing surface-based duct as shown in dN/dz and M. This duct was not apparent in the sounding on the 30th 
January at 00:00 UTC, but again a strong surface-based duct was evident in the 12:00 UTC sounding of the 
same day, with a low base at around 100 m AGL or less. During that second night, a clear signature in the 
Z95 was again observed but unfortunately CML data were not recorded for that day.

3.4. Effect of Link Length and Frequency on PM <e> Regressions

Power law regressions between PM concentration of nearby stations and entropy as measured by the links 
were performed, and the corresponding correlation coefficients and RMSE plotted in Figure  6 in order 
to investigate the effect of link length and frequency for the first event. For both PM2.5 and PM10, lower 
frequencies led to higher correlation coefficients and lower RMSE, while higher frequencies show lower 
correlation coefficients and higher RMSE. Middle-range pathlengths (5–20 km) provided higher correlation 
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Figure 6. RMSE and correlation coefficients of the power-relations derived from link entropy and PM concentrations, versus link length and link frequency for 
E#1.
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coefficients and lower RMSE. However, there could be a bias in this result because of the smaller number of 
short (<5 km) and very long (>20 km) paths links in these data sets. The geometry of the links, for example, 
the elevation of the transmitter and receiver antennas above ground and the effective height of the Fresnel 
zone above ground are likely to be important parameters, but this information was not readily available for 
this data set.

3.5. Spatial Extend of Smoke Events and Concentration Retrieval

In order to explore the spatial variability in the concentration retrievals using power-law relations between 
PM concentrations and link entropies, correlation coefficients and RMSE are shown over the study area, 
both for E#1 (Figure 7) and E#3 (Figure 8). For E#1, the correlation coefficients were relatively homoge-
nous (∼0.5) over the area for both PM2.5 and PM10, with the exception of the south-west (Geelong), where 
the values were the lowest, and for some individual links. The RMSE for E#1 followed the same spatial 
distribution, with higher values in the south-west and only for a few links. For E#3, high correlation coeffi-
cients and low RMSE values were restricted to the east of the domain, whereas in the other areas, most links 
showed lower correlation coefficients and higher RMSE values.

Values of the coefficients a and b of the PM = a <e>b regressions are shown in Figure 9. Apart from a few 
outliers, the coefficients a were within the range of 100–600, while b was in the range of 0.5–1.25 for PM10. 
For PM2.5, the coefficients were slightly more dispersed with a ranging from 100 to 800 and b from 0.55 to 
1.50. No obvious dependency on the frequency was observed.
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Figure 7. For Event #1, spatial distribution of correlation coefficients and RMSE of the linear regressions between CML-derived PM and local in-situ measured 
PM: (a) correlation coefficients for PM2.5; (b) correlation coefficient for PM10; (c) RMSE for PM2.5; (d) RMSE for PM10.
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4. Discussion
4.1. Ducting and Scintillation

In this study, link RSLs were sampled at 1 Hz and stored at 15 min intervals: the difference between min-
imum and maximum normalized by the link path length, labeled as <e> are in fact an imperfect estimate 
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Figure 8. For Event #3, spatial distribution of correlation coefficients and RMSE of the linear regressions between CML-derived PM and local in-situ measured 
PM: (a) correlation coefficients for PM2.5; (b) correlation coefficients for PM10; (c) RMSE for PM2.5; (d) RMSE for PM10.

(a) (b)

(c) (d)

Figure 9. Coefficients a and b of the power relations between: (a) <e> and PM10 and (b) <e> and PM2.5 for E#1.
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of the RSL variance. Large observed fluctuations in link RSLs during haze events, ranging from typical 
values of 0.1 dB to up to 5 dB or more, led to observed <e> of up to 2 or 3 dB km−1. These very large fluctu-
ations were unlikely to be due to turbulence only, for example, scintillation phenomena due to fluctuations 

in 2
nC , which would produce variations in RSLs of orders of magnitude less (Marzano & d'Auria, 1998). 

Furthermore, conditions observed in the ABL during these events were typically characterized by low hu-

midity, therefore having lower variations in 2
QC  and consequently less susceptibility to scintillations at radio 

frequencies.

The predominant mechanism causing fluctuations in RSLs was most likely due to strong spatial contrasts in 
the air refraction index, such as ducting phenomena. Atmospheric soundings at Melbourne airport system-
atically showed the occurrence of surface-based ducts during each of the haze events in the evening sound-
ings (9 p.m. AEDT; 12:00 UTC) the night preceding high concentrations of PM. For one of the events (E#3), 
surface-based ducting conditions were also observed in the morning soundings (9 a.m. AEDT; 00:00UTC), 
an indication that ducting conditions might have persisted during daytime on the 13th of January. This 
2-day event (E#3) differed from the other events, with its surface-based duct having a higher base (at ∼300 m 
AGL), resulting in smaller variations in RSL and <e>. In addition to increases in <e> during ducting events, 
the weather radar Z95 also showed significant increases of up to 6 dB, being were well above its baseline 
and not attributed to any other phenomenon. The S-Band radar is sensitive to ducting: its ground clutter 
within the 10 km radius (e.g., via the Z95) would first see elevation rays (0.5°) trapped in the near-surface 
subrefractive surface layer and capped below a strong duct, or within the duct to produce higher values of 
ground clutter returns as compared to normal propagation conditions. The absence of an increase in the Z95 
during the first night of E#3 can be explained by a higher base for the surface-based duct during that night, 
so that the first elevation ray was traveling in normal or slightly subrefractive conditions. Event #4 is pecu-
liar in that the concentrations in PM2.5 remained low as compared to other events, while large variations in 
<e> were observed. These could be linked to large values of PM10 as measured by in situ measurements, or 
anomalous propagation conditions could have been present, without high concentrations of PM2.5 (a case of 
false positive). A climatology of anomalous propagation conditions and atmospheric stability in this region 
should be the focus of future research.

4.2. Reliability of Retrievals for PM2.5 and PM10

Power-law regressions between <e> and PM concentrations measured at nearby stations led to varying 
correlation coefficients and RMSE depending on the event, and the location of the links. Relatively high 
correlation coefficients and low RMSE were observed across the full domain for E#1, while high correla-
tion coefficients and low RMSE were only observed in the south-eastern part of the domain for E#3. These 
disparities were related to the nature of the duct (its geometry, homogeneity, and spatial extend) and the 
relative geometry of the links. In the case of E#1, the surface-based duct as observed at Melbourne airport 
had a base around 100 m AGL or less, while in the case of E#3, the surface-based duct had a much higher 
base (around 300 m). This surface-based duct with higher base is expected to lead to slight subrefractivity 
conditions within the atmospheric layer where links operate, resulting in small variations in signal and 
values of <e>. Conversely, the surface-based duct of E#1 with a base height located just above or within the 
surface layer in which most links EM propagated, is expected to enable transmitted EM signals to be con-
ducted within the duct or refracted back to the surface, creating multipaths, and therefore a large increase 
or decrease of RSLs and large values of <e>. In the case of E#3, the event lasted almost 2 days including a 
full period of daylight. Variations of the refractive index during daylight, and for a convective mixed layer 
could be drastically different than during night-time, with daytime convection deepening the mixing layer 
and reducing stratification. This can be seen in the potential temperature profile (Figure 6) on the 14th Jan-
uary at 00:00 UTC, with the base of the stratified layer being lifted at 400 AGL as compared to the morning 
sounding of the same day.

Because of the high particulate concentrations in the ABL, during daytime, solar radiation in the shortwave 
will be absorbed and slightly increase the temperature of the upper ABL, and reduce the shortwave radi-
ation reaching the ground (Robock, 1988, 1991). This would contribute to maintaining stable conditions 
in the upper ABL and act as a lid, suppressing dispersion of PM through convection. However, in the case 
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of E#3, the convective boundary layer would have been maintained during daytime between 0 and above 
400 m AGL (probably significantly higher as the 00:00 UTC would have seen subsidence after sunset) and 
created “normal” propagation or slightly subrefractive conditions of propagation within this layer and the 
atmospheric volume within which the links operated.

Values of the power relation coefficients a and b were analyzed for E#1 as the correlation coefficients and 
RMSE were favorable. The relatively small spread of coefficients across all links and frequencies (>100 links) 
indicated some stability in the retrievals. The link geometry (elevation of transmitter and receivers AGL and 
effective path height) was not taken into account and could be a factor of variability in the coefficients: each 
link sampled a specific volume of the near-surface atmosphere, including varying air parcel characteristics 
and concentrations. Thus, a direct comparison of an integrated volume with point ground-level PM concen-
trations would be subject to spatiotemporal discrepancies, similarly to a comparison between a rain-gauge, 
a radar product and radio links (de Vos et al., 2018b). Here, hourly data were analyzed, re-sampling 15 min 
data from radio links to hourly intervals, and the effect of temporal resolution of RSL simultaneously with 
PM concentration will need to be explored in further research. The CML network is evolving rapidly and 
the newest generation of mobile telecommunication (5G) relies mostly on shorter links (a few km or less) 
with higher frequencies (71–76 and 81–86 GHz) (Fencl et al., 2020). The effect of smoke on these new high 
frequency links remains unknown and future work should include data from the 5G infrastructure.

4.3. Mechanisms for Smoke Dispersion Within the ABL

Ultimately, the propagation of EM within the ABL is driven by fluctuations of air parcel properties, me-
chanical and convective turbulence, wind shear and potential stratification. This characterization of the 
ABL structure was essentially based on vertical atmospheric soundings at one location and twice a day, 
which did not encompass the complexity of smoke entrainment and dispersion within the ABL and in the 
free troposphere, and interactions with other air masses at meso and local scales. There was spatiotemporal 
variability in the formation and persistence of ducting propagation conditions observed via the variations in 
<e> which peaked at different times and for different intensities and durations. This variability in observed 
<e> together with the geometry of the links provides spatial information on the ABL structure. However, 
additional observations of the ABL structure would help to better understand the full-scale and interplay of 
processes during smoke haze events. The process of fumigation, which describes the entrainment of a fumi-
gant parcel within a mixed layer such as the ABL, has been analyzed through laboratory-based experiments 
(Deardoff et al., 1982) and further described for a real-case study during a smoke haze event on the U.S. east 
coast (Pahlow et al., 2005). In that work, lidar observations were essential in identifying smoke dispersion 
within the ABL and its temporal evolution (Sapkota et  al.,  2005). Doppler lidar observations (Lareau & 
Clements, 2015) together with more frequent and spatially distributed atmospheric soundings would fill the 
gap in monitoring in order to comprehensively take into account all processes to monitor smoke concentra-
tions within the ABL during these events.

5. Conclusion
This study analyzed RSLs from radio links, together with ground meteorological and atmospheric sounding 
observations and weather radar ground data, to examine PM concentration levels for a series of smoke haze 
events in Greater Melbourne, Australia. These smoke haze events were induced by smoke released from fire 
fronts located hundreds of km away and transported via various dispersion mechanisms to the surface layer 
of the ABL and at the ground level.

Vertical atmospheric soundings showed a systematic occurrence of elevated temperature inversions of var-
ying depths within the ABL at night-time during these events; such an elevated inversion (between 400 and 
800 m AGL) was also observed during daytime for one of the events, capping the mixed layer below. These 
inversions are hypothesized to be triggered by the combined mechanism of smoke subsidence and mixing 
through downdrafts from the free troposphere to the ABL, and further absorption of shortwave radiation 
that helped increase the potential temperature of these layers, while reducing radiation reaching ground 
level, lowering convection. This layering of warmer air above a thin layer of colder air systematically cre-
ated surface-based ducts at elevations ranging from typically 100 m AGL, except for one event where the 
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surface-based duct base was located higher at 300 m AGL. The joint analysis of radio link data showed 
large variations in RSLs during these events, a pattern typically associated with anomalous propagation 
conditions. Available RSLs from radio links were sampled at 15 min intervals, and the difference between 
minima and maxima over that interval defined as the entropy <e>. The magnitude of fluctuations as seen 
in <e> were hypothesized to be proportional to the PM concentration, with power-law relations between 
PM2.5 and PM10 derived.

There remained uncertainty on the horizontal extent of the surface-based duct and its temporal evolution, 
as related to the smoke PM concentration. Previous studies analyzing smoke entrainment within the ABL 
have shown that Lidar can provide the fine temporal characterization of ABL processes, due to aerosols 
that can be used as effective tracers. This combined with frequent atmospheric soundings during day and 
night-time would make a full description of the ABL structure and temporal evolution possible. In this 
study, only the average, minimum and maximum of 15 min interval received signals were available, thus 
capturing only a portion of the variability of the signal, that is, the outer shape of the distribution of the RSL 
over that interval. The high temporal resolution of RSLs would allow finer analyses to be conducted and to 
derive the signal variance, which could be a better indicator than the entropy as defined herein. CMLs sup-
porting the 5G network have substantially different characteristics, that is, higher frequencies and shorter 
pathlengths, as compared to the existing CMLs. The effect of smoke on the RSLs of these higher frequency 
links should be a new area of investigation. Gathering of larger amounts of data for similar events (such as 
the several week-long events that happened in Sydney and Canberra in 2019–2020) would enable the use of 
timeseries classification tools like Long-Short Term Memory deep learning algorithms, in order to analyze 
and retrieve desired proxies, including PM concentrations or atmospheric gases such as CO, NOx, or O3. A 
potential application of smoke PM concentration retrievals through CMLs is for regional agricultural fires 
that are often burning through smoldering combustion, in particular in the Asia-Pacific region where these 
are very common at certain periods of the year. The particles generated from these fires are of micron-size 
and would possibly induce similar anomalous propagation conditions at the land surface.

The best performing smoke retrievals showed relatively modest qualitative skills (correlation coefficients 
between 0.5 and 0.7 and RMSE close to 50 μg m−3). Hence, the qualitative information deduced from CML 
data might, instead of providing a stand-alone retrieval of smoke particulate concentration, rather be used 
within a larger modeling framework including other data sources such as satellite imagery, social media 
data (Ford et al., 2017), and in situ observations of PM concentrations. Most importantly, CML signals ena-
ble the identification of anomalous propagation conditions, and in turn qualitative and spatially distributed 
information on atmospheric stability. Temperature inversion conditions can be the precursors of or are as-
sociated with elevated PM concentrations; there is a strong feedback between the two, positively enhancing 
both the strength of the stratification and the magnitude of smoke concentrations. One barrier to a more 
generalized used of CML data is the potentially wider availability of such privately owned data sets: there 
remains a large variability in the conditions of access to such data. In the present case data was accessible 
to the authors but protected by a Non-Disclosure agreement, as seen also in Graf et al.  (2020), while in 
others the data is freely available (de Vos et al., 2018a) or available upon purchase (Roversi et al., 2020). The 
uniqueness of CML data is their worldwide distribution, and the presence of infrastructure collecting data 
in remote and unmonitored regions where other techniques are unavailable. One of the drawbacks in the 
retrievals is the associated inaccuracies caused by the presence of other atmospheric phenomena such as 
rainfall or fog: future research should be conducted on these potentially simultaneous physical impacts on 
signal levels.
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