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Abstract. Using the novel PBL evolution model EDMF-AERO and the dataset collected during a measure-
ment campaign at the Swider Geophysical Observatory in 2014, we studied morning PBL dynamics under high
pollution. We tuned the model to the data and reached good accuracy in PBLH estimation (3 % deviation) and
sufficient accuracy in the average potential temperature of PBL θPBL estimation (RMSE= 2.7 K). The study
focused on the Aerosol-PBL Interactions (API). In particular, we examined the influence of absorbing aerosol
on the morning dynamics of PBL growth. Although no significant change in the height of the developed PBL
was found, a nonzero convection onset delay was detected alongside the rapid formation of thermals. We also
evaluated which one of the API component effects (“Surface cooling” or “Aerosol heating”) is dominant in
terms of influence on θPBL and PBLH. The “Aerosol heating” component impacts θPBL variability around two
times stronger than the “Surface cooling” component. In terms of PBLH, the two components are approximately
equal in strength and cancel each other out, yielding no change in PBLH under heavy pollution compared to the
clear-sky case.

1 Introduction

The Earth’s climate system is critically important from a sci-
entific perspective, as it is a system that can be described
as chaotic and challenging to model mathematically. Many
of the mathematical equations employed to understand this
system are analytically unsolvable, necessitating the use of
numerical methods (Stull, 1988). The more complex the in-
teractions, the more attention and caution are required in con-
structing numerical models. A prime example of such inter-
actions in the climate system is the group of mechanisms in-
volving radiative effects from atmospheric aerosols and the
dynamics of the lowest layer of the troposphere, known as
the Planetary Boundary Layer (PBL). This group includes
numerous well-documented aerosol-cloud interactions (aci),
such as the Twomey (1959) and Albrecht (1989) effects,
as well as aerosol-radiation interactions (ari), such as the
blocking of energy reaching the Earth’s surface by absorb-
ing aerosols, or the heating of higher atmospheric layers that
enhances thermal inversion. These two groups form the pri-
mary pillars of the combined aerosol-PBL interaction (API).

The difficulty with assessing the influence of aerosols
on PBL growth dynamics is best exemplified by its depen-
dence on aerosol vertical distribution. Research conducted
by Li et al. (2017), Huang et al. (2018), Lisok et al. (2018),
Luo et al. (2022), Su et al. (2020, 2022), Ma et al. (2022)
has shown various ways aerosols can influence the PBL.
Of particular significance is the feedback mechanism link-
ing the concentration of absorbing aerosols to the plane-
tary boundary layer height (PBLH), as highlighted in several
studies (Barbaro et al., 2014; Miao et al., 2019; Ma et al.,
2020, 2022). The diversity of observed outcomes has led to
the classification of APIs into distinct categories based on the
vertical distribution of aerosols. Among these, the “stove”
and “dome” effects have emerged as two primary conceptual
models. These effects have been further investigated using
the EDMF-AERO framework in Florczyk et al. (2025).

Despite being a significant health issue, days with intense
pollution in PBL offer a valuable opportunity to study API
(Aerosol-PBL Interactions) mechanisms under controlled
conditions. Researchers studying this topic often look for
quality in situ profiles collected during such episodes to ini-
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tialize numerical models with. After sufficient tuning, these
models can be used to conduct more simulations and to study
how the morning PBL dynamics would change with negli-
gible or doubled aerosol concentration. Such studies are in-
valuable from a scientific standpoint, providing quantitative
and qualitative insights into the strength of the API compo-
nents. Subsequently, given that numerical models are built
modularly, we can study API effects individually to identify
a dominant one.

A model developed by Florczyk et al. (2025) at the Uni-
versity of Warsaw and NASA Jet Propulsion Laboratory,
known as EDMF-AERO, addresses these needs. This single-
column model is based on the Eddy-Diffusivity Mass Flux
framework (Siebesma and Teixeira, 2000; Soares et al.,
2004; Siebesma et al., 2007; Han et al., 2016) and the Ed4-
LaRC-Fu-Liou Radiation Transfer Model (RTM) developed
at NASA Langley Center based on the parametrization by
Fu and Liou (1992). Notably, EDMF-AERO was validated
against in-situ measurements and showed satisfactory agree-
ment and enables the user to turn off API component effects
to study PBL evolution with just one of them active. In this
study, we used EDMF-AERO to analyze the morning growth
dynamics of PBL with high absorbing aerosol concentration.
We focused on two effect components called “Atmospheric
heating” (additional heating of the air due to the presence of
absorbing aerosols) and “Surface cooling” (decrease of sur-
face temperature due to absorbing aerosols blocking radia-
tion from reaching it). These effect components were thor-
oughly explained in recent studies addressing the topic of
API (Miao et al., 2019; Ma et al., 2020).

2 Methods

2.1 Measurements

We used archival data from the PolandAOD network
(Markowicz et al., 2021). In 2014, on 28 and 29 October,
a measurement campaign was conducted in the Swider Geo-
physical Observatory (52.11° N, 21.23° E, 94 m a.s.l.), near
Warsaw (Chiliński et al., 2018). During these 2 d, the follow-
ing measurements were performed:

– Profiles of the backscattering coefficient β were col-
lected using a Vaisala CL31 ceilometer (Sokół et al.,
2014). These profiles were additionally corrected for
overlap almost to the ground level using the internal al-
gorithm. After verification, Chiliński et al. (2018) as-
sumed that the usable profiles were 60–100 m above
ground level.

– The Photoacoustic Extinctiometer (PAX) operating at
λ= 870 nm was used to measure the optical properties
of aerosols such as the scattering coefficient σs(z), the
absorption coefficient σa(z), the single scattering albedo
ω and the eBC concentration (Nakayama et al., 2015).

– Aerosol concentration in terms of the Black Carbon
Equivalent (eBC) and thermodynamical profiles were
collected using a measurement platform consisting of
a Vaisala RS92-SGP radiosonde (Nash et al., 2010)
and Aethlabs micro-aethalometer AE-51 (Ferrero et al.,
2014; Chilinski et al., 2016) mounted on a small un-
manned aerial system (sUAS) Versa X6sci hexacopter
manufactured by Versadrones

Although Chiliński et al. (2018) focused on the potential of
combining lidar and sUAS measurements to fill gaps and cre-
ate a comprehensive atmospheric profile, their study also pro-
duced a valuable dataset interesting to analyze using EDMF-
AERO. During the night 28/29, high aerosol concentrations
(eBC=∼ 54µm3 near the surface) moved over the Swider
Geophysical Observatory. The pollution remained close to
the ground, up to a height of approximately 70 m, through-
out the night. With sunrise, the morning evolution of the PBL
began. The measurements were repeated at 10:30 LT.

2.2 Data

Despite the rich dataset, the sUAS only reached an altitude of
approximately 400 m. EDMF-AERO requires profiles up to
an altitude of 4 km, while the RTM is up to 100 km. We ex-
tended profiles by combining RS92-SGP measurements with
soundings from WMO #12374 Legionowo station (52.40° N,
20.95° E, 73 m a.s.l.) and the “jlms.lay” file (standard atmo-
sphere up to 100 km). The exception is the wind profile,
which was taken entirely from Legionowo. The Legionowo
station is ∼ 50 km away from the Swider site, which is close
enough to represent similar meteorological and aerosol con-
ditions. Moreover, both sites are located in the Warsaw sub-
urbs (the Polish capital), are surrounded by forest, and have
the same topography and surface type (grassland). Overall,
their characteristic are very similar.

To obtain additional information on the temporal evolu-
tion of PBLH, we used the method of extracting PBLH from
the CL31 β profile. Caicedo et al. (2017) compared three
methods used to derive PBLH from CL31 aerosol β pro-
file against radiosonde measurements: (1) Vaisala Corp. BL
Matlab v3.7 gradient algorithm, (2) K-means cluster analy-
sis (Toledo et al., 2014), and (3) Covariance wavelet trans-
form with Haar wavelet (Brooks, 2003). The Haar wavelet
method proved to be the most reliable, so for this study, we
used a Python library prepared by the Spectroscopy and Re-
mote Sensing (EPR) Group at UNAM Mexico, using the
Red Universitaria de Observatorios Atmosfericos (RUOA)
instruments that allow for the extraction of PBLH using this
method (Garcia-Franco and Stremme, 2018; García-Franco
et al., 2018; Grabon et al., 2010). Besides PBLH, the algo-
rithm also returns the lower and upper bounds of the estimate.
It is worth noting that despite applied corrections, the CL31
still cannot reliably measure backscatter below 60–100 m. In
such cases, it is useful to know the PBLH a priori. In this
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Figure 1. The comparative plot of the variability of PBLH was
determined with Radiosonde Vaisala RS92-SGP (blue marker),
EDMF-AERO (black line), and CL31 (red line). The bright red area
indicates the uncertainty range of PBLH determined from CL31
data.

case, RS92-SGP returns PBLH of around 70 m, which is a
detection limit of the CL31. Given that the profiling was done
in the morning hours and we do not observe distinct ther-
mal inversion in θ profile (see Fig. 2), the algorithm probably
fails to find the PBLH due to the boundary layer still being
in the stable regime. Given that information, we assumed an
initial PBLH= 0. PBLH temporal variability was visualized
in Fig. 1 together with EDMF-AERO prediction and in situ
measurement.

2.3 Surface heat fluxes

Together with initial thermodynamic profiles, the EDMF-
AERO was supplied with the surface heat fluxes parametriza-
tion prepared analogously to Florczyk et al. (2025) and de-
fined as in Eq. (1). We used data from the SolarAOT station
for October 2022. The site is located in the southeast part
of Poland (49.878° N, 21.861° E, 443 m a.s.l.) on a small hill
in a predominantly rural area. Despite the large distance, it
provides a representative dataset regarding a rural grassland
near a small city. Unfortunately, during this period, the la-
tent heat measurements returned erroneous values, thus, we
reused values from Florczyk et al. (2025).

QS =
1
ρcp
[0.141 ·F↓SW− 22.1],

QL =
1
ρLv
[0.129 ·F↓SW+ 21.1] (1)

WhereQS is the sensible heat flux,QL is the latent heat flux,
F
↓

SW is the downward SW radiation flux, ρ is the density of
air, Lv is the latent heat of vaporization (2.501×106 J kg−1),
cp is the specific heat capacity of air at constant pressure
(1005.7 J kg−1 K−1).

Figure 2. Comparison of θ profiles predicted by EDMF-AERO
(blue line) with data collected with the UAS measurement platform
(red line). The gray line indicates the initial profile. Areas of analo-
gous colors denote uncertainty ranges.

3 Model validation

As can be seen in the Fig. 2, although EDMF-AERO tends to
overestimate the potential temperature (RMSE= 2.7 K), it is
exceptionally good in predicting PBLH, which was estimated
at 0.30 km, or ∼ 10 m (3 %) more than the measured PBLH.
The simulated θ is ∼ 3 K higher than the actual.

In the next step, we focused on the dynamics of the PBLH
growth just after sunrise. Figure 1 shows a comparison of
the PBLH determined with the CL31 and the EDMF-AERO
prediction. In this study, we are interested in the general
study of API rather than the exact replication of the atmo-
spheric system in Swider on that day. Notably, there is a high
level of uncertainty in the PBLH assessment, but EDMF-
AERO shows excellent agreement with radiosonde measure-
ment (see Fig. 1). The authors claim that these results, com-
plemented by EDMF-AERO validation from Florczyk et al.
(2025), are sufficient to try to draw further conclusions about
PBL dynamics under polluted conditions.

4 Results

Firstly, we simulated the PBLH growth dynamics with higher
and lower aerosol optical depths τ500 (500 means measured
at wavelengths λ= 500 nm). As can be seen in Fig. 3, the
change in absorbing aerosol concentration did not signifi-
cantly affect the PBLH at the end of the simulation. All of
the additional energy was transferred to the heating of the
PBL, as seen in Fig. 4.
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Figure 3. Change in PBLH over time presented on 29 Octo-
ber 2014. The observed PBLH variation is marked with a red line.
The gray area indicates a region with a non-zero aerosol con-
centration. The simulation is compared to the clear-sky case with
τ500 = 0.0 (black line) and a high-pollution case with τ500 = 1.0.

Comparing the simulated PBLH to simulations conducted
for clear-sky and high-pollution cases, we observe that the
higher the concentration of absorbing aerosol, the greater the
delay in the onset of convective mixing. For τ500 = 1.0, the
delay was ∼ 20 min later than for the clear-sky case. The dy-
namics of convection itself also change. At high concentra-
tions of absorbing aerosol, we observe rapid formation and
disappearance of thermals, and the PBL does not stabilize
until 09:00 LT.

Secondly, we used EDMF-AERO’s unique functionality,
enabling us to study one component effect at a time. We com-
pared cases with isolated components of “surface cooling”
and “atmospheric heating” (see Sect. 1) to cases with both
components turned on and off.

Examining Fig. 4, we see that the simulation with the iso-
lated “surface cooling” component resulted in average po-
tential temperature in PBL θPBL = 282.19 K and PBLH=
0.27 km. Compared to the control case, this is −0.61 K
(−6.3 %) and −0.03 km (−10 %) reduction in potential
temperature and PBLH, respectively. For the “atmospheric
heating” component we got θPBL = 284.04 K and PBLH=
0.34 km. Compared to the control case, this is 1.24 K
(12.8 %) and 0.04 km (13 %) increase in potential tempera-
ture and PBLH, respectively. This suggests that the “atmo-
spheric heating” component has a ∼ 2 times stronger influ-
ence on the θPBL than the “surface cooling”. In terms of the
influence on PBLH, the API effect components are compara-
ble, resulting in an effectively negligible PBLH change when
both components are active.

Finally, we examine the heating rate (HR) profiles (see
Fig. 5). As expected, such a high concentration of absorbing
aerosol near the surface traps a significant amount of energy,
leading to values of HR as high as 50 K d−1. Despite that, the
PBLH maintains a constant value of ∼ 25 m until 07:30 LT,
when it rises sharply and reaches ∼ 200 m in just 1 h.

Figure 4. Comparison of EDMF-AERO predictions with individ-
ual API component effects turned on or off. The dashed line indi-
cates the control case with both effects turned off. The solid red line
marks the case with both component effects turned on. The interme-
diate cases are marked with blue (“surface cooling”) and dark red
lines (“atmospheric heating”).

Figure 5. Graph showing the heating rate HR profile over time.

The PBL stabilizes around 09:00 LT, continuing its growth
at a slower rate and reaching ∼ 300 m around 10:30 LT.

5 Conclusions

Using data collected during the 2014 measurement campaign
in the Swider Geophysical Laboratory and a new model,
EDMF-AERO, we analyzed the real case of PBL evolution
under conditions of high absorbing aerosol concentration.

1. Absorbing aerosol concentration did not significantly
affect the PBLH at noon due to component effects “sur-
face cooling” and “atmospheric heating” canceling each
other out in these particular atmospheric conditions.
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2. The vertical profiles of radiation heating over time
were calculated, yielding extreme values of the order
of 50 K d−1. Most of this energy was transferred into
additional heating of the PBL and rapid formation of
unstable thermals in the morning.

3. Analysis of isolated aerosol effects showed that the ef-
fect component of “atmospheric heating” had over two
times stronger influence on average PBL potential tem-
perature at noon than “surface cooling” resulting in ef-
fective heating of the PBL.

The findings are a valuable addition to the overall consen-
sus regarding the API effects: the stove and dome. Mainly, it
appears that studied conditions (high aerosol optical depths
near the surface) invoke a dome effect instead of the expected
stove effect. This could be a result of a late October solar
path (fall in Poland), low amounts of solar energy reaching
the surface, therefore weak convection. This agrees well with
the isolated component effect analysis. The influence of “sur-
face cooling” on PBLH cancels out with the “atmospheric
heating” part, therefore, effects connected with PBL growth
dynamics may be too weak to be detected. This could not
be known without the compound effect isolation and further
confirms that EDMF-AERO is a useful tool when studying
the impact of atmospheric aerosol on the evolution of PBL
and API in general.
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