
Boundary-Layer Meteorology (2024) 190:32
https://doi.org/10.1007/s10546-024-00873-x

RESEARCH ART ICLE

Rainfall Effects on Atmospheric Turbulence and Near-Surface
Similarities in the Stable Boundary Layer

Abdullah Bolek1 · Firat Y. Testik1,2

Received: 16 November 2023 / Accepted: 26 June 2024 / Published online: 13 July 2024
© The Author(s), under exclusive licence to Springer Nature B.V. 2024

Abstract
Near-surface similarities and atmospheric turbulence characteristics have a large impact on
numerical weather prediction models. However, the validity of these similarities is unclear
during precipitation. This study investigates the modulations in atmospheric boundary layer
turbulence and the variations of the near-surface scaling similarities caused by rainfall. Here
we present our field observations on the effects of rainfall on the near-surface similarities and
atmospheric turbulence in the stable boundary layer using a Parsivel2 disdrometer and a 3D
ultrasonic anemometer at our outdoor rainfall laboratory in SanAntonio, Texas, USA.During
moderate to heavy rainfall conditions, higher turbulent energy was observed than those in
non-rainy conditions when the turbulence intensity and the wind speeds were relatively low.
On the contrary, when the turbulence intensity and the wind speeds were relatively high, the
turbulence energy in the stable boundary layer were dampened due to the raindrops. Rain-
drops with high particle Reynolds numbers (Rep = Dmvt/ϑ ; Dm—mean volume diameter,
vt—terminal raindrop fall speed, and ϑ—kinematic viscosity of the surrounding air) can act
as either a source or a sink of turbulent kinetic energy depending on the turbulence intensity
of the atmosphere. Our field observations showed that near-surface similarities deviated from
the scaled similarities under the influence of rainfall. The normalized standard deviations of
the streamwise and vertical velocity components and the dissipation rate were higher during
rainy than non-rainy times. Rainfall effects on turbulence modulations and near-surface scal-
ing parameters of the stable boundary layer are discussed with considerations of the relevant
mechanisms.
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1 Introduction

The atmospheric boundary layer (ABL) turbulence plays a key role in many meteorological
and hydrological applications including atmospheric particle dispersion, weather forecast-
ing, wind turbine characteristics, urban meteorology, and hydrology (Garratt 1994; Kaimal
and Finnigan 1994; Foken and Napo 2008; Högström 1996). Furthermore, the predictions
of rainfall and convective cloud developments by Numerical Weather Prediction (NWP)
models depend on how the boundary layer fluxes such as momentum, heat, and moisture
are represented in the developed numerical schemes (Qian et al. 2016). The boundary layer
turbulence and these fluxes under different circumstances including stable, unstable, and
neutral conditions have been widely investigated (Wyngaard and Coté 1971; Kaimal et al.
1972;Dyer 1974;Kaimal 1978;Højstrup 1981;Hogstrom1988;Kaimal andWyngaard 1990;
Pahlow et al. 2001; Oncley et al. 1996; Albertson et al. 1997; Chamecki and Dias 2004), and
Monin–Obukhov Similarity Theory (MOST) is mainly used to model surface fluxes under
these conditions. Although the universal applicability of the MOST is still a topic of debate
(Grachev et al. 2013, 2016; Stiperski and Calaf 2018; Stiperski et al. 2019), the small-scale
processes of the near-surface fluxes of momentum, heat, and moisture cannot be completely
resolved in NWP models due to the large-scale nature of the problem. Therefore, in NWP
models, these surface-layer fluxes need to be modeled using surface-layer schemes (Janjić
1994; Beljaars 1995). However, the validity of these surface similarities and atmospheric
turbulence characteristics under rainfall has not received much attention.

The phenomenon of turbulence modulation by particles has been widely investigated
(Hestroni 1989, Gore and Crowe 1991, Fessler and Eaton 1999, Ferrante and Elghobashi
2003, Bagchi and Balachandar 2004, Hwang and Eaton 2006, Balachandar and Eaton 2010,
Lucci et al. 2010 and 2011, Dodd and Ferrante 2016, Rosti et al. 2019, Crialesi-Esposito
et al. 2021). The turbulence energy of the carrier fluid may be either attenuated or augmented
due to the presence of particles. However, the mechanisms for attenuation and augmentation
are still ambiguous, and there are knowledge gaps, especially in understanding the kinetic
energy budget of the turbulence and the impact of the surface tension force when the particles
are liquid or gas (i.e., droplet, bubble) (Rosti et al. 2019). Gore and Crowe (1991) suggested
that the ratio of the particle diameter (D) to fluid integral length scale (l) is the determining
factor of turbulence modification, and they noted that turbulence is enhanced for D/l >
0.1 and suppressed for D/l < 0.1. On the other hand, Hestroni (1989) related turbulence
modulations primarily to the particle Reynolds number (Rep = Dmvt/ϑ ; Dm—mean volume
diameter, vt—terminal raindrop fall speed, and ϑ—kinematic viscosity of the surrounding
air) and proposed that the particles with high particle Reynolds number (Rep > 400) augment
the turbulence due to vortex shedding, whereas particles with low Rep tend to suppress the
turbulence by absorbing energy. Later, Bagchi and Balachandar (2004) discussed the intricate
relationship among the carrier fluid turbulence levels, wake oscillations, and vortex-shedding
processes in determining turbulence attenuation and augmentation. Bagchi and Balachandar
showed that while the wake oscillations and vortex shedding of particles at low turbulence
intensity levels of the carrier fluid cause turbulence augmentation, at high turbulence levels
of the carrier fluid the interferences between the carrier fluid turbulence and wake processes
may lead to turbulence attenuation or marginal augmentation. In more recent studies, the
mechanisms that attenuate the carrier fluid turbulence were related to the increased turbulent
kinetic energy dissipation rate (ε) due to an increase in themagnitude of the velocity gradients
near the particle or droplet surface (Lucci et al. 2010; Dodd and Ferrante 2016; Rosti et al.
2019). Rosti et al. (2019) further suggested a phenomenon called the blocking effect in
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determining turbulence modulations, which causes abrupt re-orientation of the turbulent
eddies in the carrier fluid flow. This process causes increases in both turbulent production
and dissipation rates due to an increase in themagnitude of the Reynolds stress when particles
are present.

Caldwell and Elliott (1972) found that rainfall with a rainfall rate (R) of about 30 mm
hr−1, while not having a notable impact on the wind speed, enhances the shear stress in the
air by about 10–15%. On the contrary, Aylor and Ducharme (1995) found similar turbulent
characteristics during rainy and non-rainyweather conditions from near ground (a fewmeters
above ground) measurements for R values less than 7.2 mm hr−1. More recently, Harrison
et al. (2012) found that rainfall (R ~ 30 and 60 mm hr−1) under low wind speed conditions
enhances friction velocity (u∗) for the given wind speed. It is, therefore, important to under-
stand the effects of raindrops on the stable boundary layer (SBL) turbulence characteristics
and test the near-surface scaled similarities during rainfall.

In this study, the effects of rainfall on atmospheric turbulence characteristics and near-
surface similarities were investigated by in-situ measurements. Here, we consider only the
SBL conditions for which the vertical mixing is relatively low; hence, the effects of rainfall
are expected to be more pronounced. Rainfall microphysical and bulk characteristics were
collected by using an OTT Parsivel2 disdrometer, whereas the atmospheric turbulence statis-
tics were calculated using the wind measurements of a 3D ultrasonic anemometer. Section 2
provides details on our field site and instrumentation, pre-processing of collected data to
ensure data quality, and near-surface similarity scaling relationships. In Sect. 3, the effect of
raindrops on turbulence modulation and the applicability of the scaling relationships during
rainfall are presented. Finally, conclusions are provided in Sect. 4.

2 Field Site andMethodology

2.1 Field Site and Instrumentation

In-situ measurements of rainfall and atmospheric turbulence characteristics were performed
(during 26 different rainfall events) between May 2019 to October 2021. Additional wind
measurements were conducted under non-rainy conditions to compare the turbulence statis-
tics (during 13 different non-rainy times). The field site is located at the West Campus of
the University of Texas at San Antonio with the coordinates 29°34′43.37′′ N, 98°37′49.90′′
W, and elevation 296 m above sea level. The field site is surrounded by sparsely distributed
short trees and vegetation with a maximum height of 5 m (for details about the field site, see
Bolek and Testik 2021, Testik and Bolek 2023, and Saha and Testik 2023).

An OTT Parsivel2 disdrometer, installed on top of a 2 m high pole, was used to collect
rainfall microphysical and bulk characteristics including raindrop diameter (D), fall speed
(Vf ), and rainfall rate (R) (see Fig. 1a and b). Saha and Testik (2023) provide a description
of the Parsivel2 disdrometer setup at our field site and the results of a detailed investigation
on its algorithm and measurement accuracy. Parsivel2 disdrometer consists of a laser sensor
that forms a light sheet between its transmitter and receiver units. The amount of light that is
captured by the receiver depends on the size of the hydrometeors, while the fall speed of the
hydrometeors is correlated with the passage time of the hydrometeors through the light sheet.
Parsivel2 measures the raindropD and Vf in 32 non-equidistant bin sizes for each parameter,
which range from 0.062 to 25 mm for D and 0.05 to 20 m s−1 for Vf . The measurement
accuracies of Parsivel2 for D and V f are ± 1 size class for drops that are 0.2 < D < 2.0 mm
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Fig. 1 Photographs showing: a the field site with instruments deployed, b Parsivel2 disdrometer on top of the
2 m-high pole, and c RM-Young 81,000 anemometer on top of the 10 m-high meteorological tower

and ± 0.5 size class for drops that are D > 2.0 mm. These correspond to accuracy ranges
of 0.125 to 0.5 mm for D and 0.1 to 0.8 m s−1 for Vf for drops that are D < 10 mm. The
measurement accuracy of Parsivel2 for R is 5%. Detailed information on D and Vf bins and
measurement accuracy is available by OTT-Hydromet (2017).

A 3-D ultrasonic anemometer (RM-Young 81,000), mounted on top of a 10 m tall meteo-
rological tower, was used to quantify the surface layer turbulence characteristics (see Fig. 1
a and c; see also Testik and Bolek 2023). The anemometer was set to sample wind data at 32
Hz. The measurement accuracy of the instrument is provided by the manufacturer as ± 1%
for wind speeds between 0–30 m s−1 and ± 3% for wind speeds between 30–40 m s−1.

2.2 Preprocessing

Parsivel2 provided data for rainfall rate R and fall speed Vf and diameter V of all raindrops
observed during each minute in 1 min data intervals. We used Eq. (1) and raw Parsivel2 data
forD andVf (see Saha and Testik 2023) to calculate the average raindrop diameter (D) in mm
for every minute. We also calculated the mean (Dm, Eq. 2) and median (D0, Eq. 3) raindrop
volume diameter in mm from Parsivel2 raindrop size distribution N(D) output (K’ufre-Mfon
et al. 2015):

D = 1

N

N∑

n=1

Dn, (1)

Dm = ∫ D4N (D)dD

∫ D3N (D)dD
, (2)
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D0 = 3.67 + μ

4.0 + μ
Dm . (3)

Here, μ is the shape parameter in gamma raindrop size distribution (DSD) and is con-
sidered as 0.86 in our calculations following Ryzhkov and Zrnic (2019). Park et al. (2017)
reported significant bias in Parsivel2 data for rainfall events with Dm > 2.0 mm. In this study,
we used the data corresponding to Dm values smaller than 3.0 mm and disregarded the data
corresponding to Dm values larger than 3.0 mm due to potential bias in Parsivel2 measure-
ments. This extension of the Dm limit from 2.0 mm to 3.0 mm was to not discard all the
intense rainfall events while limiting the instrumental bias to a certain degree.

Wind measurements, data processing, and calculations of turbulence quantities are
described in Testik andBolek (2023) in detail and are briefly described here for completeness.
We used a spike removal algorithm to eliminate unphysical spikes which occur due to water
accumulation on the transducer face (Aylor and Ducharme 1995; Vickers and Mahrt 1997).
The double coordinate rotation procedure (Wilczak et al. 2001) was employed to align the
horizontal wind to the streamwise component and reduce the effect of terrain slope from
the vertical wind velocity component. Note that Zhang et al. (2016), studying the effects
of precipitation on sonic anemometer measurements of turbulent fluxes in the atmospheric
surface layer, showed that the spectra of wind velocity and co-spectra of momentum flux
calculated using sonic anemometer measurements were not sensitive to the presence of rain-
drops. Zhang et al. showed that these spectra resemble the universal shape and slopes at the
inertial subrange even under heavy precipitation conditions. However, they found that sonic
temperature measurements were sensitive to precipitation, presumably due to changes of the
medium from air to air with liquid water between the transducers. Therefore, in our study, the
temperature measurements of the anemometer were not used for in-depth analysis, except
for calculating the Obukhov length to specify the stability of the boundary layer and the heat
flux to remove non-stationary data.

Streamwise velocity component consists of an average and fluctuating component:

u = u′ + u. (4)

Here, u is the instantaneous streamwise component of thewind velocity, overbar represents
averaged, and prime denotes the fluctuating component. The averaging time was selected as
1-min for turbulence calculations. This averaging time was selected to avoid the fluctuations
caused by (sub-)mesoscale motion and it has been used previously by various studies for SBL
(Mahrt et al. 2015; Kit et al. 2017; Stiperski and Calat 2018; Stiperski et al. 2019; Conry
et al. 2020; Boyko and Vercauteren 2021). Furthermore, we implemented the instationarity
test described by Foken and Wichura (1996) to disregard the data that potentially reflects
mesoscale fluctuations. In this test, if the difference between the covariance value for the full
period and the mean covariance of the intervals of select size for this period is less than 30%,
the measurement is considered to be stationary. When implementing this test and calculating
the momentum and heat fluxes in our study, we used 30 min as the full period and 1 min
as the interval size. Accordingly, for any given 30 min dataset, if there was more than 30%
difference between the flux value calculated using a 30 min averaging window and the mean
of the 30 flux values calculated using a 1-min averaging windowwithin the same period, then
the 30 min dataset was removed from analyses (see Foken and Wichura 1996 for details). In
this study, the stability condition for the boundary layer was set as 0 < z/L < 10, where z/L is
the Monin–Obukhov stability parameter (z—measurement height and L—Obukhov length
scale as defined in Eq. 9 later) and its values of 0 and 10 represent neutral and very stable
boundary conditions, respectively. Our observational data falling outside of the 0 < z/L < 10
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range were disregarded from further analyses. We further removed data from analyses for
wind speeds less than 0.1 m s−1 and also for turbulent intensity values (defined in Eq. 5)
larger than 0.5 based on applicability considerations for Taylor’s frozen turbulence hypothesis
(Pahlow et al. 2001):

T I = σu′/u. (5)

Here, σ denotes the standard deviation of the streamwise velocity fluctuation. Turbulent
kinetic energy (k) was calculated as given in Eq. (6):

k = 0.5
(
(u′)2 + (v′)2 + (w′)2

)
, (6)

where v and w are the lateral and vertical components of the wind velocity. Finally, the data
were omitted when the fractional difference between the calculated dissipation rate by using
the second-order structure function (εSSF) and spectral fitting (often referred to as the inertial
range method, εIRM) was higher than O(1). Since both methods use Kolmogorov’s inertial
range theory either in frequency (εIRM , n−5/3, where n is frequency) or in the time domain
(εSSF , ζ 2/3, ζ is time separation), this criterion is expected to further restrict the data and
reduce the excessive scatter that is generally observed in SBL. The εIRM was calculated using
the 1-D streamwise turbulent energy spectra (Su(n)) given in Eq. (7):

εI RM = 2π

u

(
n5/3Su(n)

αu

)1.5

. (7)

Here in our calculations, the selected value of αu , denoting the Kolmogorov constant, was
0.52. The parameter of n5/3Su(n)was calculated as the average of themaximum and adjacent
two points with 0.5 Hz intervals among the frequency bands from 0.5 to 4 Hz (Oncley et al.
1996). For εSSF calculations, Eq. (8) was used:

εSSF = 1

uζ

(
Du(ζ )

Ck

)1.5

. (8)

Here, Du(ζ ) = [u′(t + ζ ) − u′(t)]2 is the streamwise second-order temporal structure
function with the time separation of ζ, which approximates the streamwise second-order
structure function at separation uζ by Taylor’s hypothesis, and Ck ≈ 2.0 is the Kolmogorov
constant. In this study, the range of ζ was chosen as 0.1–2 s for the computations since the
structure function and Kolmogorov’s inertial range slope (in the time domain) ζ 2/3 was in
good agreement, and this range was used in previous studies (Muñoz-Esparza et al. 2018;
Bodini et al. 2018, 2019; Testik and Bolek 2023). Note that εSSF was used for the rest of the
paper and it is, henceforth, denoted as ε. The ranges of the observed turbulence characteristics
and R throughout this study for 0 < z/L < 10, and R > 2.6 mm hr−1 are given in Table 1. In this
study, rainy times were defined as R > 2.6 mm hr−1, which is the limit of moderate rainfall.
Taylor Reynolds number (Reλ) was calculated as Reλ =

√
20k2/3εϑ , l is the integral length

scale and was calculated using the autocorrelation coefficient, lη is the Kolmogorov length

scale that was calculated as lη = (
ϑ3/ε

)0.25
, and u∗ is the friction velocity calculated using

Eq. 10 provided later. FromTable 1, it can also be seen that the ranges of the meanwind speed
for the rainy and non-rainy conditions have a large difference. In presenting the results, data
was binned by either using the mean wind speed or the stability parameter. Binning the data
ensured comparisons between similar conditions, avoiding substantial biases. Throughout
this study, a total of 4197 min of rainy wind data and 1280 min of non-rainy wind data
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Table 1 The ranges
(minimum–maximum) of
observed turbulence
characteristics and rainfall rates
for 0 < z/L < 10 for rainy (R >
2.6 mm hr−1) and non-rainy (R
= 0) events throughout this study

R > 2.6 mm hr−1 R = 0

u 0.5–12.4 m s−1 0.56–7.01 m s−1

u* 0.053–1.85 m s−1 0.034–1.3 m s−1

Reλ 675–11,765 398–6910

l 0.8–76.6 m 0.52–57.8 m

lη 0.23–2.0 mm 0.33–1.7 mm

R 2.61–120 mm hr−1 –

were collected. At the end of this preprocessing and quality criteria, 63 and 76% of the
rainy and non-rainy 1 min dataset were eliminated, respectively, and 1547 and 309 1 min
data were used, respectively, to calculate turbulence characteristics for the rest of this paper.
Although the size of the remaining data is relatively small, it is sufficient for the validity of
the results drawn in this study. The stringent data quality criteria applied to the collected data
ensured that the results were from a data set that was representative of the relevant processes.
Furthermore, the statistical significance of the results was tested and verified for the relevant
analyses.

2.3 Similarity Scaling

For modeling of the SBL near-surface similarities, numerical weather prediction models
generally use MOST with the stability parameter z/L, where L can be calculated by Eq. (9):

L = −u3∗θ
κcgw′θ ′ . (9)

Here, θ is the 1 min averaged sonic temperature and κc is the von Karman constant that
is approximately equal to 0.4. Note that, here we used sonic temperature instead of virtual
potential temperature due to lack of moisture measurements, which was expected to result
in less than about 5 and 10% uncertainty in temperature variance and heat flux calculations,
respectively (Liu et al. 2001). Here, u∗ is the friction velocity and was calculated by Eq. (10):

u∗ = 4

√(
u′w′

)2 +
(
v′w′

)2
. (10)

According to MOST, the standard deviations of the wind velocity (σu,w) can be scaled by
using u∗. Here we used the scaling similarity relationships for the standard deviations of the
wind velocity (�u,w) in stable stratification by Stiperski et al. (2019):

�u = σu

u∗
= 2.55(1 + 3(z/L))1/3, (11)

�w = σw

u∗
= 1.25(1 + 3(z/L))1/3. (12)

Finally, MOST similarity relationships for ε in stable stratification �ε by Grachev et al.
(2016) and Wyngaard and Cote (1971) were used (Eqs. 13 and 14, respectively):

�ε = κczε

u3∗
= 1 + 5.2(z/L), (13)
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�ε = κczε

u3∗
=

(
1 + 2.5(z/L)3/5

)3/2
. (14)

The similarity relationships are known to be site-specific and depend on the aerodynamic
parameters of the measurement site (Hounsinou et al. 2022, 2023; Fortuniak et al. 2013). In
our analysis, the similarity relationships are only used as a reference to show the qualitative
differences between the observations during rainy and non-rainy times, and even so, the
relationships show a qualitatively close fit to the observed data from our study site as can be
seen from Figs. 5 and 6 later. Therefore, the site-specific nature of these relationships does
not influence the results presented here. In addition to the aforementioned MOST similarity
relationships, in a very stable boundary layer (z/L > 1), turbulence in vertical components are
dampened by stratification such that turbulence becomes independent from the ground and
this was denoted as z-less stratification (Wyngaard and Cote 1972; Sorbjan 1987; Smedman
1988; Basu et al. 2006; Grachev et al. 2013; Mahrt et al. 2015; Stiperski and Calaf 2017).
For the case of stable stratification, we used the z-less values of turbulence statistics as
�w = 1.28, �u = 2.3 (Smedman 1988). Note that, the z-less values for the turbulence
statistics vary widely in literature, here we used the values that are close to our findings
(Basu et al. 2006; Smedman 1988; Sorbjan 1987; Grachev et al. 2016).

3 Results and Discussions

3.1 SBLModulations by Raindrops

Taylor Reynolds number (Reλ) was used to compare the turbulence levels under rainy and
non-rainy conditions. Bin-averaged Reλ (Reλ) for rainy and non-rainy times is shown in

Fig. 2a. In this study, rainy times were defined as R > 2.6 mm hr−1, which is the limit of
moderate rainfall, and the stability condition was set as 0 (neutral) < z/L < 10 (very stable).
As can be seen, Reλ was found to be higher during rainy times as compared to those during
non-rainy times for the first three velocity bins. On the other hand, as the average streamwise
wind velocity becomes u > 2.0 m s−1, Reλ during rainy times becomes less than those during
non-rainy times (see Fig. 2a). Thismay indicate that, as thewind velocity increases, raindrops
transition from being a source to being a sink of turbulence in the SBL. Note that while bin-
averaged wind speeds for rainy and non-rainy conditions have differences, the differences
are small (< 0.1 m s−1) and would not alter the results.

A two-sample t-test with a 0.05 significance level was performed to assess the statistical
significance of the absolute difference in Reλ between rainy and non-rainy times for each u

bin. In this test, the null hypothesiswas defined as
∣∣∣Reλ

R − Reλ
N R

∣∣∣ = 0,where || denotes the
absolute value, and the superscripts R andNR denote rainy and non-rainy times, respectively.
Table 2 provides Reλ values and their standard deviations during both times and the calculated

p-values for each u bin. According to the calculated p-values, the absolute difference in Reλ

was found to be statistically significant for the first two u bins, where turbulence is likely
augmented by the presence of raindrops. Furthermore, statistical significance was also found
for the last two u bins, where turbulence is likely attenuated by the presence of raindrops.
The velocity bins in between the first two bins and the last two bins, where the raindrops
act both as a source and sink to turbulence energy, most likely experienced a transition. The
possible reasons for this are discussed later in this section. Therefore, turbulence strength
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Table 2 Bin-averaged turbulent velocities (Reλ) and standard deviations (σReλ ) during rainy (R>2.6mmhr−1)

and non-rainy (R = 0) times for different 1-min averaged streamwise wind velocity (u) bins.

u R > 2.6 mm hr−1 R = 0 p

Reλ
R

σReλ
R DOF Reλ

N R
σReλ

N R DOF

0.5–1.0 1517 951 11 782 311 27 0.022539

1.0–1.5 1876 698 50 1175 530 86 0.000000

1.5–2.0 2112 738 91 1893 697 41 0.100269

2.0–2.5 2577 819 120 2871 794 33 0.059689

2.5–3.0 3099 956 130 3688 948 27 0.003372

3.0–3.5 3468 870 93 3356 953 25 0.588088

3.5–4.0 3607 748 48 4508 956 18 0.000451

4.0–4.5 4363 955 42 5304 1079 14 0.004109

The p-values of the two-sample t-test are shown, where the statistical significance was sought in absolute

difference of Reλ values between rainy and non-rainy times. Here, DOF denotes degree of freedom, and the

superscripts R and NR denote rainy, and non-rainy times, respectively

during rainfall is expected to increase when the wind velocities are low (u< 2.0 m s−1) and
decrease when the wind velocities are high (u> 3.5 m s−1).

The reason for turbulence augmentation and attenuation due to raindropsmay be explained
by the turbulent kinetic energy budget equation given in Eq. (15).

dk

dt
= P − ε + ψσ (15)

Here, P is the turbulent production rate, ε is the dissipation rate, and ψσ is the power of
the surface tension which is related to the rate of change of the surface area of the raindrops
(d A(t)/dt) (Dodd and Ferrante 2016). Assuming dA/dt = 0 (i.e. ignoring changes in the
raindrop shape and size, for example, due to evaporation), the term of ψσ vanishes (Rosti
et al. 2019). Therefore, k budget would be determined by P and ε. Heavy inertial particles
(e.g. raindrops) produce a wake region while they fall and the turbulence kinetic energy
may increase in this wake region by more than O(1) due to vortex shedding and wake
oscillations (Bagchi and Balachandar 2004; Balachandar and Eaton 2010). Another increase
in turbulence kinetic energy may be due to an increase in the magnitude of the Reynolds
stress by the blocking effect of raindrops on turbulent flow (Caldwell and Elliott 1972; Rosti
et al. 2019). Therefore, under rainy conditions, the P term in Eq. (15) consists of blocking
and wake contributions of raindrops.

It has been reported that ε values are higher for droplet-laden turbulent flows as compared
to those for single-phase turbulence (Lucci et al. 2010; Dodd and Ferrante 2016; Rosti et al.
2019). Dodd and Ferrante (2016) showed that a sudden increase in local dissipation rate, and
consequently overall dissipation rate, occurs when droplets are released into turbulent flow
(Dodd and Ferrante 2016). The increase of the dissipation rate was found to be proportional
to μ(∂u/∂ y)2, where ∂u/∂ y is the velocity gradient normal to the droplet interface, and the
increase in the ε was higher for the case of higher particle inertia (Dodd and Ferrante 2016).
Under homogenous shear turbulence as in the SBL, Rosti et al. (2019) found that droplets
cause approximately similar amounts of increase in the turbulence production rate due to
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Fig. 2 a Bin-averaged Taylor Reynolds number (Reλ) during rainy (R > 2.6 mm hr−1) (open circles) and
non-rainy (R = 0) (open triangles) conditions as a function of average streamwise wind velocity bins (u).
Variations of the bin-averaged ratio of particle Reynolds number (Rep) to Taylor Reynolds number (Reλ),
b and mean volume diameter (Dm) to integral length scale (l), c as a function of average streamwise wind
velocity. Vertical lines represent standard deviations

Reynolds stresses and in the dissipation rate due to velocity gradients. As such, the increase
in the turbulence production rate due to Reynolds stresses may balance the increase in the
dissipation rate to some extent under rainy conditions. However, the turbulence production
due to raindrop wakemay result in an elevated turbulence level in the SBL, whichmay lead to
an increased dissipation rate that counters the turbulence production when the equilibrium is
restored (see Eq. 15). Turbulence modulation in the wake region may depend on the particle
Reynolds number (Rep) and the surrounding turbulence. Bagchi and Balachandar (2004)
observed significant local turbulence enhancement in the wake region of a single stationary
particle subject to an isotropic turbulent field when background turbulence intensity was
relatively low (10%). They further found that the turbulence level in the wake region was
reduced or only slightly increased when the turbulence intensity in the background flow was
relatively high (25%).Note that the flowconfiguration in the study byBagchi andBalachandar
(2004) is different than the fall of raindrops in the atmospheric boundary layer considered in
our study. Bagchi and Balachandar (2004) kept the relative velocity between the particle and
mean flow fixed and used this relative velocity (instead of u used in our study) to define the
turbulence intensity. Therefore, their results may not directly apply to our observations, yet
their insights are important to discuss here. In their study, Rep values ranged between 50 and
600, corresponding to raindropswithDof 0.5–1.6mmfallingwith the corresponding terminal
speeds (vt). Bagchi andBalachandar found that, for the particleswith highRep, the turbulence
enhancement was related to vortex shedding, and for the particles with lowRep, it was related
to wake oscillations. They further showed that the disruption in the vortex shedding and wake
oscillations is responsible for the reduced or slightly increased turbulence level in the wake
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region when the turbulence intensity in the background flow was relatively high (25%). In
addition, Ren et al. (2020) found that, wake recirculation region of a drop shortens under
turbulent flow conditions as compared to that under still air condition. Furthermore, Ren
et al. (2020) reported an increase in turbulent kinetic energy in the wake region of water
drops with 2.0 and 3.0 mm in diameter under low turbulence intensity conditions (10%).
Based on the findings of these previous studies, augmentation and attenuation of turbulence
observed in our study is likely due to wake oscillations and vortex shedding of raindrops
during low and high wind speeds, respectively. As indications of the relative importance
of raindrop wake conditions to the ambient turbulent flow conditions, we provide the ratio
of the Rep and Reλ for all u bins in Fig. 2b. Here, Rep was used to represent the wake
conditions due to the raindrop size and fall velocity effects (i.e. wake oscillation or vortex
shedding) and Reλ was used to represent the turbulence strength of the ambient flow. Here,
for Rep = Dmvt/ϑ calculations, vt values were calculated using Atlas et al.’s (1973) terminal
speed parameterization vt = 9.65 − 10.3 × e−0.6D (in m s−1) with D = Dm (in mm), which
is valid for 0.6 < D < 5.8 mm (Testik and Barros 2007). Since Dm was used to calculate both
vt and Rep , Rep in here can be considered as the mean volume particle Reynolds number.
Considering raindrop D ranging from ~ 0.1–5.8 mm, Rep values are between ~ 1.8–3549
(Gunn and Kinzer 1949). As can be seen in Fig. 2b, the ratio of Rep/Reλ monotonically
decreased with increasing wind speed. This is mainly due to increasing Reλ with increasing
u. Therefore, as the carrier fluid’s turbulence increases (i.e. Reλ), the effect of raindrop vortex
shedding and wake oscillations becomes less important, and after a certain level, raindrops
start acting as a sink rather than a source of turbulence.

Figure 2c presents the ratio of Dm to l, where l represents the integral length scale of the
carrier fluid, to demonstrate the scale relationship between raindrops and the carrier fluid.
Here, l was calculated using the streamwise autocorrelation coefficient. As can be seen for the
first two u bins, the bin-averaged Dm/l ratios are higher than 0.3 × 10–3, where turbulence
was observed to be significantly higher during rainy times than non-rainy times. On the
other hand, when the bin-averaged Dm/l ratios are lower than 0.15 × 10–3, turbulence was
observed to be significantly less during rainy times than non-rainy times. While these Dm/l
values do not match with the cut-off D/l value of 0.1 suggested by Gore and Crowe (1991)
(i.e. turbulence enhances when D/l > 0.1, and turbulence attenuates when D/l < 0.1), there is
a qualitative agreement between our observations and Gore and Crowe’s criterion. A direct
quantitative comparison for Dm/l values for turbulence enhancement and reduction cut-off
values cannot be made with Gore and Crowe’s cut-off value as their finding is for single
drop sizes whereas our investigation involves the distribution of different raindrop sizes.
Furthermore, turbulence modulation is also dependent on other factors such as Rep and mass
fraction (i.e. ratio of water mass to air mass within a unit cubic volume) (Balachandar and
Eaton 2010; Tanaka and Eaton 2010), and the differences in the mass fraction and Rep values
for the case of rainfall than those for other problems hinder direct comparisons with the
reported results in the literature. For instance, Rep considered in the literature was around
O(1)–O(2); however, for rainfall, Rep around O(3) (for D > 2.4 mm) can be commonly
observed. Furthermore, the mass fraction in our study ranged between 0.00019 and 0.0088,
and it might contribute to the variations in the observed turbulence characteristics than those
in numerical and laboratory-based studies. Note that, to calculate the mass fraction values,
we used the liquid water content (LWC) parameter. LWC is the volume of all raindrops that
are present within a unit volume of air column at a given instant (see, for example, Testik and
Pei 2017). LWC information along with rainwater density (approximated as 1000 kg m−3),
air density (approximated as 1.225 kg m−3), and air volume within the selected unit volume
were used to calculate the mass fraction of rainwater to air. While R is not directly involved
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in the mass fraction calculations, given their intrinsic relations, the minimum and maximum
mass fraction values approximately correspond to the times when minimum and maximum
R values of 2.6 and 120 mm hr−1, respectively, were observed in our field campaign.

To further investigate the effect of Rep on turbulence strength in SBL, we divided the data
by turbulence intensity as TI < 0.31 (low TI) and TI > 0.31 (high TI), where 0.31 was both
the mean and the median value of the entire dataset. While a lower TI threshold value may
be preferable in general, in this study, the TI threshold value of 0.31 was selected for high
and low TI categorizations due to the size and distribution of the data set. The raindrops
with a D smaller than 1.0 mm are expected to fall with a steady wake and without noticeable
deformation in their shape (Testik and Barros 2007; Feng and Beard 2011). Recent field
measurements showed that the raindrops may fall significantly faster or slower than predicted
terminal speeds under different environmental conditions including wind and atmospheric
turbulence (Montero-Martinez et al. 2009,Montero-Martinez andGarcia-Garcia 2016,Bringi
et al. 2018; Testik and Bolek 2023). In our calculations for the Rep values, predicted terminal
speeds of the corresponding Dm values were used. Therefore, in investigating the effect of
Rep, we further divided our data into two categories. Since raindrop size is the sole parameter
that determines the predicted values of the terminal speed (see Atlas et al.’s terminal speed
parameterization provided earlier), Rep effects indeed represent raindrop size effects (recall
Rep = Dmvt/ϑ) and the categorization can be considered in terms of raindrop sizes. The
two data categories were: large raindrops for Rep > 528 and small raindrops for Rep <
528, where Rep = 528 corresponds to raindrops with D = 1.5 mm. Note that classifying
the data into two broad categories instead of many finer categories enabled us to overlook
potential inaccuracies in Rep calculations in our interpretations. Particularly, while raindrops
were assumed to fall at the predicted terminal speeds in our Rep calculations, raindrop fall
speeds may deviate from the predicted terminal speeds as discussed earlier, especially during
wind and turbulence as shown by Testik and Bolek (2023). As such, our choice of data
categorization for broad raindrop size ranges made potential fall speed deviations from the
terminal speeds insignificant for our analysis purposes and enabled us to account for the
wake and shape effects more conservatively. The results are shown in Fig. 3a, and b for
low and high TI , respectively. Here, for the sake of clarity of the graphs, only the standard
deviations of Rep < 528 were shown. The standard deviations of data with Rep > 528 are on
the same order of magnitude. As can be seen, under low TI conditions, the average Reλ for
large raindrops (Rep > 528) was higher or almost equal to those for small raindrops (Rep <
528). On the other hand, under high TI conditions, Reλ values for small raindrops (Rep <
528) were higher than those large raindrops (Rep > 528) for the larger u bins (u > 2.5 m s−1).

Fig. 3 Variations of bin-averaged Taylor Reynolds number (Reλ) for a TI < 0.31 and b TI > 0.31 as a function
of bin-averaged streamwise wind velocity (u). Vertical lines represent standard deviations for Rep < 528. Here,
the last two u bins were combined to ensure sufficient data
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Fig. 4 Energy spectra (E(κ)) during intense rainy (R > 30 mm hr−1, solid line) and non-rainy (R= 0 mm hr−1,
dashed line) times. The dotted line represents κ−5/3, where κ is the wave number

Spectral characteristics of stable boundary layer turbulence during intense rainy times
were compared with those of non-rainy times in Fig. 4. Here, data was filtered to include
only data for z/L > 0.02 to discard near-neutral conditions and R > 30 mm hr−1 to consider
only intense rainy times following Caldwell and Elliott (1972). For the data presented in this
figure, the average value of R was 42 mm hr−1 and the mass fraction value during such R
conditions was approximately 0.003. Previous studies have shown that the effects of droplets
on turbulence are to augment energy at high wavenumbers in the turbulent energy spectra
when the sizes of droplets are on the same order as the Taylor length scale of the carrier fluid
(Lucci et al. 2010; Dodd and Ferrante 2016; Rosti et al. 2019; Crialesi-Esposito et al. 2021).
This was explained by the break-up of larger eddies due to droplet presence and the creation
of new smaller-size eddies (Lucci et al. 2010; Dodd and Ferrante 2016). Crialesi-Esposito
et al. (2021) further showed that, due to droplet effects, energy was transferred from low to
high wavenumber parts of the spectra with the amount of energy transfer being correlated
with the volume fraction. In Fig. 4, the energy spectrum for rainy times was computed as
the median of 1-min datasets that have R > 30 mm hr−1 using 34 1 min datasets. The mean
streamwise velocity of these 34 1 min datasets was found as 4.05 ± 2.1 m s−1. The energy
spectrum for non-rainy times was computed as the median of 8 1-min datasets. Each of these
8 1-min datasets was chosen to have the streamwise velocity of U > 3.4m s−1 with an average
streamwise velocity of 4.10 ± 0.44 m s−1 for the 8 1 min dataset to approximately match the
average streamwise velocity and corresponding turbulence characteristics (i.e., u∗ and TI) of
rainy and non-rainy times. As a result of this selection, the datasets for the rainy and non-rainy
times were comparable with the average u∗ and TI values being 0.542 ± 0.273 m s−1 and
0.293 ± 0.066 for rainy times and 0.556 ± 0.167 m s−1 and 0.337 ± 0.065 for non-rainy
times, respectively. Energy spectra were computed as Su(n)n = κE(κ), where κ = 2πn/u
is the wavenumber and E(κ) is the energy represented in terms of the wavenumber (Piper
and Lindquist 2004). As can be seen in this figure, higher energy was observed in the low
wavenumber part of the spectra during non-rainy times as compared to the intense rainy
times. Although this finding is similar to the findings of Crialesi-Esposito et al. (2021) where
the energy in low wavenumber part of the spectra with droplets was found lower than the
single-phase spectra, it needs to be further investigated. This is because, in our study, the
scale separation is very broad, and the low wavenumber part of the spectra, where rainy and
non-rainy spectra show the difference, represents eddies with length scales of approximately
5–50 m and the ratio of Dm/lη ranges approximately between 1.5–8.0. Considering that
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eddies should have a similar length scale as the raindrop diameter to break up due to raindrop
presence and that Dm was between 1.4–2.75 mm during our intense rainy times observations,
the presence of raindrops cannot lead to the breakup of large-scale vortices and the lower
energy at the lowwavenumber part of the spectra observed during rainy timesmight be simply
due to noise. Although raindrop sizes are much smaller compared to the largest eddies that
were observed during intense rainy times, these eddies may lose their energy by a group
of vertically falling raindrops, which may explain the observation of lesser energy for rainy
times as compared to non-rainy times at low wavenumbers. This mechanism, defined by a
series of particles continuously falling through turbulence and causing distortions in the large
energetic eddies, has been known as the ‘screen effect’ (Hwang and Eaton 2006; Tanaka and
Eaton 2010). However, presence of this mechanism cannot be confirmed without resolving
the high wavenumber part of the spectra. The ejected energy from the low wavenumber part
of the spectra should be visible at the high wavenumber part (at least one order higher) to
conclude this finding. To resolve the high wavenumber parts, additional observations using
anemometers with fast sampling rates are required.

3.2 Near Surface Similarities During Rainfall

As shown in the previous sub-section, turbulence in the SBL may be modulated during rain-
fall. Therefore, the question arises whether the near-surface similarities are still valid when
the boundary layer turbulence is modified by raindrops. In this sub-section, we compared
the scaling relationships of rainy (R > 2.6 mm hr−1) and non-rainy (R = 0 mm hr−1) times
where the near-neutral cases (0 < z/L < 0.02) were disregarded which restricts the data to
only stable cases to reduce the scatter. Figure 5a and b show the bin-averaged normalized
standard deviations of the streamwise (�u) and vertical velocity (�w) components as a func-
tion of the stability parameter (z/L), respectively. Here, horizontal dashed lines represent the
z-less limits provided by Smedman (1988) and solid lines represent the scaled relationships
given by Stiperski et al. (2019). As can be seen in Fig. 5a, �u values during non-rainy times
roughly follow the z-less similarity for the entire stability ranges, whereas, during rainy times
(R > 2.6 mm hr−1), �u values start to deviate from the z-less parameter and increase with
the stability parameter, especially when the z/L > 0.15 (stable). Furthermore, �w values
rather closely follow the scaled relationships by Stiperski et al. (2019), during rainy times,
whereas they follow the z-less limit during non-rainy times. Furthermore, similar to the case
of �u—z/L relationship, the difference in �w values between rainy and non-rainy times
becomes larger as the boundary layer gets closer to the very stable limit.

A two-sample t-test with a 0.05 significance level was conducted to evaluate the statistical
significance of the absolute difference in �w between rainy and non-rainy times for each z/L

bin. In this test, the null hypothesis was defined as
∣∣∣�w

R − �w
N R

∣∣∣ = 0. Table 3 provides�w

values and their standard deviations during both rainy and non-rainy times, and the calculated
p-values for each z/L bin. Based on the p-values, the absolute differences between�w values
during rainy and non-rainy times were statistically significant for only two z/L bins (z/L ~
0.3 and 2.0). For the rest of the z/L bins, the test failed to reject the null hypothesis mainly
due to the large scatter in the data. A large scatter of �w values in the SBL was also reported
in the literature, and treatments for this scatter were suggested based on isotropy condition
and flux Richardson number (Stiperski and Calaf 2018; Grachev et al. 2013), however, the
application of these treatments is out of the scope of this study. Although not shown here,

another two-sample t-test with a null hypothesis of
∣∣∣�u

R − �u
N R

∣∣∣ = 0 was applied, and the
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Table 3 Bin-averaged turbulent velocities (�w), and standard deviations (σ�w ) during rainy (R> 2.6mmhr−1)

and non-rainy (R = 0) times for different z/L parameters.

z/L R > 2.6 mm hr−1 R = 0 p

�w
R

σ�w
R DOF �w

N R
σ�w

N R DOF

0.02–0.03 1.310 0.293 79 1.291 0.288 20 0.782445

0.03–0.04 1.307 0.294 55 1.257 0.182 14 0.419937

0.04–0.05 1.372 0.336 51 1.304 0.162 18 0.259769

0.05–0.1 1.406 0.275 150 1.356 0.287 22 0.433829

0.1–0.15 1.459 0.330 65 1.473 0.477 11 0.920351

0.15–0.2 1.577 0.423 24 1.492 0.405 15 0.522411

0.2–0.5 1.775 0.729 47 1.417 0.440 33 0.007133

0.5–1.0 1.725 0.642 17 1.439 0.314 29 0.091709

1.0–10 2.325 0.888 13 1.607 0.697 46 0.007252

The p-values of the two-sample t-test is shown where the statistical significance was sought for the difference

of �w between rainy and non-rainy times. Here, DOF denotes the degree of freedom, and superscripts R and

NR denote rainy and non-rainy times, respectively

difference between rainy and non-rainy times was found to be statistically significant again
only for two z/L bins (z/L ~ 0.18 and 2.0). Even though it failed to reject the null hypothesis
for most z/L bins, considering the large scatter of the SBL, the scaling functions for the �u

and �w deviate during rainfall, especially when z/L > 0.15. These deviations may be related
to the blocking effect of raindrops, which increases magnitude of the Reynolds stresses (e.g.
Rosti et al. 2019), and these effects are expected to become more pronounced as turbulence
in SBL weakens.

Finally, we investigated the effect of rainfall on the bin-averaged dimensionless dissipation
rate (�ε) (see Fig. 6). Observed �ε values were larger during rainy times (R > 2.6 mm hr−1)
than during non-rainy times (R = 0). The increase in dissipation rate due to particle presence
(i.e., droplets in turbulent flows) has been reported previously and was related to an increase
in velocity gradients close to the particle interface (Dodd and Ferrante 2016). During R = 0,
�ε values followed predictions of the similarity relationships byGrachev et al. (2016) (dotted
line in Fig. 6a) and by Wyngaard and Cote (1971) (solid line in Fig. 6a). While, in general,
observed �ε values and predictions of the similarity relationships were in good agreement,
the deviations between them increased with increasing z/L values.

4 Conclusions

In this study, rainfall effects on the stable boundary layer in terms of turbulence strength and
near-surface similarities were investigated. Microphysical and bulk characteristics of rainfall
including raindrop diameter, fall speed, and rainfall rate were measured using Parsivel2

disdrometer whereas a 3D ultrasonic anemometer (RM-Young 81,000) was used to measure
the wind and turbulence characteristics. Rainy data was collected during 26 independent
rainfall events that occurred between May 2019 and December 2021, corresponding to a
total of 4197 min of data while non-rainy data corresponds to 1280 min of data.
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Fig. 5 The relationship between bin-averaged normalized standard deviations of streamwise (�u ) a and ver-
tical velocity (�w), b components and stability parameter (z/L) (see Table 3 for the selected z/L bins). The
horizontal dashed lines are the z-less values proposed by Smedman 1988, whereas the solid lines are the scaled
relationships with z/L given by Stiperski et al. 2019. The rainy and non-rainy times are denoted by open circles
and triangles, respectively. The vertical bars represent the standard deviations

Fig. 6 Bin-averaged normalized dissipation rate (�ε) as a function of stability parameter (z/L). The solid line
is the scaled relationship with z/L by Wyngaard and Cote 1971 and the dotted line is the scaled relationship
by Grachev et al. 2016. Rainy and non-rainy times were denoted as open circles and triangles, respectively.
Vertical bars represent standard deviations
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Our investigation showed that, during rainfall, turbulence energy in the stable boundary
layer was higher when the wind speeds were low. On the contrary, for high wind speeds,
turbulence energy in the stable boundary layer during rainfall was lower than those of non-
rainy conditions. Observed alterations in the turbulence energy during rainfall was likely due
to the raindrop wake and turbulence interaction. The effect of Rep on the turbulence was
shown by classifying the data as high TI > 0.31 and low TI < 0.31. It was found that, for TI >
0.31 and u > 2.5 m s−1, turbulence strength was smaller when the Rep > 528 (i.e. rainfall with
larger raindrops) than when Rep < 528 (i.e. rainfall with smaller raindrops). These findings
further demonstrate that rainfall modulates turbulence energy in the stable boundary layer,
which depends on the Rep, Reλ, and TI. Furthermore, we found that turbulence energy at low
wavenumbers in the composed spectra during rainfall is lower than those during non-rainy
times. This was related to the screen effect, which explains the loss of energy due to the
deformation of the large eddies by the continuous fall of raindrops. On the other hand, the
difference in the low wavenumber part of the spectra is not distinct and may be related to
noise. To verify the effect of the raindrops on the turbulent energy in the stable boundary
layer, the high wavenumber part of the spectra also needs to be resolved.

Profound effects of rainfall on near-surface scaling parameters of the stable boundary
layer were also observed. It was found that �u and �w follow the z-less similarity during
non-rainy times whereas, during rainy times, they deviate from the z-less similarity especially
when the boundary layer gets more stable (z/L > 0.3). These �u and �w deviations were
likely related to the increased Reynolds stresses due to the blocking effect of raindrops on the
turbulent air (Rosti et al. 2019). The dimensionless dissipation rate,�ε, was also observed to
increase under rainy conditions as compared to non-rainy conditions. During both non-rainy
and rainy times, �ε followed the MOST relationship; however, under more stable boundary
layer conditions (z/L > 0.3), deviations occurred, and the discrepancy between the rainy and
non-rainy times �ε increased with z/L. These findings indicate that the similarity functions
might have additional dependencies under rainy conditions.

The results of this study show that rainfall modulates turbulence in the stable boundary
layer, especially when the turbulence strength in the boundary layer is relatively weak (z/L >
0.5). Turbulence production is likelymodifieddue to increasedReynolds stresses and raindrop
wake oscillations and vortex shedding, whereas the dissipation term is likely modified by
velocity gradients near the raindrop interface. Further investigation using anemometers with
a high sampling rate that can resolve high wave number parts of the energy spectra is needed
to clarify the effects of raindrops on the stable boundary layer turbulence. In addition to spike
removal, a more specialized quality criteria needs to be developed to effectively assess the
impact of the rainfall on the ultrasonic anemometer performance. Even though with strict
quality criteria that were imposed in this study, a certain amount of data may still be under the
influence of the rainfall. Furthermore, the effect of the rainfall on the heat flux also needs to
be investigated since raindrops are expected to increase the vertical mixing in the boundary
layer as they fall with relatively high speeds and at different temperatures than surrounding
fluid.
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