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Abstract: Part of precipitation is intercepted by forest canopies, while the rest reaches the ground as
throughfall or stemflow. This process is influenced by various meteorological variables, of which we
have mainly focused on drop diameter and velocity. Rainfall in the open and throughfall under birch
and pine trees have both been measured since 2014 in Ljubljana, Slovenia. The results demonstrate
that the total throughfall during 3.5 years was 73% and 53% of rainfall under birch and pine trees,
respectively. During the 236 analysed events, the median volume diameter was 1.8 mm (±1.7 mm),
and kinetic energy between 0.01 mJ/cm2 and 23.3 mJ/cm2 was recorded. We closely analysed
the effect of rainfall microstructure on throughfall under pine and birch trees during three specific
rainfall events. The increase in drop diameter and fall velocity during a rainfall event instantaneously
increased throughfall under pine trees between 25% and 47%, whereas no such changes were
observed under birch trees. This may be the consequence of different tree properties of the two
species. Additionally, in the case of a saturated canopy, throughfall under pine trees exceeded rainfall
in the open after an onset of larger and faster drops.

Keywords: rainfall; rainfall interception; throughfall; raindrop size distribution; drop velocity; birch;
pine; Slovenia

1. Introduction

Rainfall interception can be observed when precipitation falls above ground that is covered with
vegetation. When rainfall reaches the tree canopy, some raindrops fall directly through the gaps in
the canopy, while the rest are retained on leaves and branches. Drops retained in the canopy can later
reach the ground by dripping, or can evaporate back into the atmosphere. The latter is known as
rainfall interception or interception loss. The precipitation can reach the ground by flowing down the
branches and stems (i.e., stemflow), or by falling through or from the canopy (i.e., throughfall).

Throughfall itself consists of three components: free throughfall, drip, and splash [1–4].
Free throughfall falls directly through the gaps in the tree canopy, has no contact with leaves or
branches, and maintains the drop size distribution of an open rainfall [1]. Dripping describes
rainfall drops captured in the canopy that fall to the floor mainly due to saturation of the canopy,
while splash describes drops falling from the canopy due to external influences such as wind or
rainfall [5]. Throughfall splash droplets are usually smaller than drops induced by dripping. Most
often, a throughfall drop diameter of 1.5 mm has been measured as the threshold value determining a
specific throughfall component, as smaller drops are splash-induced and larger drops are generated by
dripping [3,6].
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The amount of throughfall is influenced by various variables. In general, they can be divided
into vegetation or meteorological variables. Some of the vegetation variables are phenophase,
canopy storage capacity, bark structure, leaf area index (LAI), stem diameter at breast height (DBH),
and projected canopy area, [7–10]. Meteorological variables are, among others, the amount of rainfall,
the duration of a rainfall event, rainfall intensity, wind velocity and direction, air temperature, humidity,
and the properties of raindrops [11–15].

Raindrop properties, deffined by drop diameter and velocity, are used to describe the discrete
nature of precipitation, which is often neglected in research connected with rainfall [16]. The most
important processes influenced by drop size distribution (DSD) are rainfall interception by vegetation
canopies [3–6,17–19] and soil erosion through raindrop impact [20–22].

The processes of rainfall interception, throughfall, and stemflow depend on the various properties
of raindrops [17,18]. The focus of past studies has been mainly on the investigation of throughfall DSD
under trees [5]. Throughfall has different DSDs under canopies of various tree species [3], because the
drips from different types of leaves or needles produce different throughfall DSDs [23]. Splash and
storage from leaves depend also on drop diameter of rainfall in the open and on leaf inclination [4].
Additionally, throughfall drops are smaller under severe canopy vibrations, due to the high wind speed
and high rainfall intensity [3]. Throughfall drop characteristics—maximum diameter and median
volume diameter—are also smaller when the canopy is foliated, as the phenophase is one of the most
significant variables influencing throughfall DSD [6].

However, the DSD of the rainfall in the open was rarely taken into account in earlier studies of
rainfall partitioning (interception, throughfall, and stemflow). During the development of a stochastic
interception model, Calder [17] showed that the wetting of the canopies depends on the volume of
the individual raindrops, as small raindrops increase the amount of water retained in the canopy.
The influence of raindrop size on the predicted interception amount was also observed by Hall [18].
Open rainfall DSDs were measured by Zabret et al. [24], who showed that during a single event,
an increase in drop diameter immediately increased throughfall under pine trees, which can, under
specific conditions, exceed the amount of rainfall in the open.

The microstructure of rainfall varies in time and in space, and differs from event to event.
It significantly influences parts of the hydrological cycle, yet it is often overlooked [16]. Its influence on
rainfall partitioning has been mainly analysed from the soil erosion perspective, in studies generally
focused on throughfall DSD. Therefore, the main objectives of this study are as follows: (i) to analyse
the influence of drop diameter and velocity of open rainfall on the amount of throughfall, (ii) to
evaluate this influence for two tree species (i.e., birch and pine), and (iii) to evaluate this influence on
rainfall events with different properties (e.g., rainfall amount, intensity).

2. Methods

2.1. Description of the Experimental Setup

The measurements were taken in the City of Ljubljana, Slovenia. The experimental site is located
in the city’s urban area (46.04◦ N, 14.49◦ E) at 292 m above sea level. The climate is subalpine, with
maritime influences from the Mediterranean and subcontinental influences from the Pannonian Plain.
The average long-term (1986–2016) annual temperature is 11 ◦C, with the average monthly temperature
ranging from −3 ◦C to 24 ◦C. The average annual rainfall amount is 1380 mm, with the maximum
monthly precipitation mainly recorded in autumn, with a mean monthly value of 146 mm [25].

The experimental site is flat and covers approximately 600 m2. Two groups of trees grow in
the western part of the site (Figure 1). Throughfall and stemflow were measured under native tree
species, commonly found in Slovenia: two black pines (Pinus nigra) and two birch trees (Betula pendula)
(Table 1). In the eastern part of the experimental site, where regularly-cut grass prevailed, rainfall in
the open (non-sheltered location) was measured. Drop size and velocity were measured on the rooftop
of a nearby two-storey building.
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Figure 1. Experimental setup under the birch trees. 

Table 1. Properties of the trees in the experimental setup. 
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Average 
DBH 1 
[cm] 

Total Projected 
Crown Area [m2] 

Average 
Branch 

Inclination 2  

LAI 3 
(Leafed 
Period) 

Bark 
Characteristics 

Birch 15.7 (±1.0) 17.9 (±0.4) 42.3 51° 4.72 Thin, smooth 
Pine 12.6 (±0.6) 19.0 (±2.3) 22.7 98° 1.8 Thick, rough 

1DBH – diameter at breast height  
2Average branch inclination of all main branches growing from the stem (from stem to branch). 
3LAI – leaf area index 

2.2. Measurements 

Precipitation in the open area was measured using a tipping bucket (0.2 mm/tip, 0.03 m2 area) 
rain gauge (Onset RG2-M) with an automatic data logger (Onset HOBO Event), positioned 1 m above 
the ground. The rain gauge was positioned in the clearing at the experimental site. Near the 
experimental site, there was a two-storey building, on the rooftop of which we placed the OTT 
Parsivel optical disdrometer. The distance between the disdrometer and the trees (45 m) was short 
enough that drop size distribution (DSD) measured by the disdrometer was also representative of 
the DSD at the trees’ location [26]. Additionally, the height of the rooftop (14.45 m) was 
approximately the same as the height of the tree canopies. The disdrometer’s measuring area was 54 
cm2. The measured data were allocated to one of the 32 drop diameter classes (i.e., between 0.312 mm 
and 24.5 mm) and velocity classes (i.e., between 0.05 m/s and 20.8 m/s), average values of which were 
used in the data analysis (Table 2). Drop diameters smaller than 0.312 mm were not classified in 
separate classes, as they were outside of the device’s measurement range. Therefore, the number of 
smaller rain drops has been classified in the smallest drop diameter class (0.312 mm). We have to 
emphasise that the DSD measurements in this study were taken using the OTT Parsivel optical 
disdrometer, as DSD evaluations can slightly differ from one instrument to another, e.g., OTT 
Parsivel, POSS, LPM300 and 2DVD, on which the interpretation of the data depends as well 
[21,27,28].  

Throughfall has been measured under four trees (two pine and two birch trees) for three and a 
half years. Under each of the selected tree species, various methods of throughfall measurements 
were implemented, in order to catch the spatial variability of throughfall, and to avoid missing data. 
Throughfall is best measured using a combination of fixed and roving gauges to ensure 
representative samples [14,29,30]. Two steel trough gauges (0.75 m2 area) were positioned alongside 
each tree stem towards the tree canopy edge (Figure 1). Under each of the tree species, one trough 

Figure 1. Experimental setup under the birch trees.

Table 1. Properties of the trees in the experimental setup.

Tree
Species

Average
Height [m]

Average
DBH 1 [cm]

Total Projected
Crown Area [m2]

Average Branch
Inclination 2

LAI 3

(Leafed Period)
Bark

Characteristics

Birch 15.7 (±1.0) 17.9 (±0.4) 42.3 51◦ 4.72 Thin, smooth
Pine 12.6 (±0.6) 19.0 (±2.3) 22.7 98◦ 1.8 Thick, rough

1 DBH – diameter at breast height; 2 Average branch inclination of all main branches growing from the stem
(from stem to branch); 3 LAI – leaf area index.

2.2. Measurements

Precipitation in the open area was measured using a tipping bucket (0.2 mm/tip, 0.03 m2 area)
rain gauge (Onset RG2-M) with an automatic data logger (Onset HOBO Event), positioned 1 m
above the ground. The rain gauge was positioned in the clearing at the experimental site. Near the
experimental site, there was a two-storey building, on the rooftop of which we placed the OTT Parsivel
optical disdrometer. The distance between the disdrometer and the trees (45 m) was short enough
that drop size distribution (DSD) measured by the disdrometer was also representative of the DSD
at the trees’ location [26]. Additionally, the height of the rooftop (14.45 m) was approximately the
same as the height of the tree canopies. The disdrometer’s measuring area was 54 cm2. The measured
data were allocated to one of the 32 drop diameter classes (i.e., between 0.312 mm and 24.5 mm) and
velocity classes (i.e., between 0.05 m/s and 20.8 m/s), average values of which were used in the data
analysis (Table 2). Drop diameters smaller than 0.312 mm were not classified in separate classes, as
they were outside of the device’s measurement range. Therefore, the number of smaller rain drops
has been classified in the smallest drop diameter class (0.312 mm). We have to emphasise that the
DSD measurements in this study were taken using the OTT Parsivel optical disdrometer, as DSD
evaluations can slightly differ from one instrument to another, e.g., OTT Parsivel, POSS, LPM300 and
2DVD, on which the interpretation of the data depends as well [21,27,28].

Throughfall has been measured under four trees (two pine and two birch trees) for three and
a half years. Under each of the selected tree species, various methods of throughfall measurements
were implemented, in order to catch the spatial variability of throughfall, and to avoid missing data.
Throughfall is best measured using a combination of fixed and roving gauges to ensure representative
samples [14,29,30]. Two steel trough gauges (0.75 m2 area) were positioned alongside each tree stem
towards the tree canopy edge (Figure 1). Under each of the tree species, one trough gauge was equipped
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with a tipping bucket flow gauge (0.19 mm/tip, Unidata 6506G) and an automatic data logger (Onset
HOBO Event). The data from the other trough gauge, connected to polyethylene 10-L containers
attached to a 50-L polyethylene barrel, were collected manually after each rainfall event. Additionally,
ten roving manually-read gauges with funnels 0.1 m in diameter (0.008 m2 area), connected to 1 L
bottles, were randomly placed underneath each tree.

Stemflow was measured for one tree of each species. A rubber collar was halved and spirally
wrapped around the stem, attached with nails and silicone. The lower part of the hose was
connected to a 20-L manually-read polyethylene container, which was emptied at the same time
as the throughfall gauges.

Table 2. The size and velocity classes of the raindrops identified by the OTT Parsivel disdrometer [31].

Raindrop Diameter Classes Raindrop Velocity Classes

Average Class
Value [mm]

Lower Limit
[mm]

Upper Limit
[mm]

Average Class
Value [m/s]

Lower Limit
[m/s]

Upper Limit
[m/s]

0.05 0 0.1
0.15 0.1 0.2

0.312 0.2495 0.3745 0.25 0.2 0.3
0.437 0.3745 0.4995 0.35 0.3 0.4
0.562 0.4995 0.6245 0.45 0.4 0.5
0.687 0.6245 0.7495 0.55 0.5 0.6
0.812 0.7495 0.8745 0.65 0.6 0.7
0.937 0.8745 0.9995 0.75 0.7 0.8
1.062 0.9995 1.1245 0.85 0.8 0.9
1.187 1.1245 1.25 0.95 0.9 1
1.375 1.25 1.5 1.1 1 1.2
1.625 1.5 1.75 1.3 1.2 1.4
1.875 1.75 2 1.5 1.4 1.6
2.125 2 2.25 1.7 1.6 1.8
2.375 2.25 2.5 1.9 1.8 2
2.75 2.5 3 2.2 2 2.4
3.25 3 3.5 2.6 2.4 2.8
3.75 3.5 4 3 2.8 3.2
4.25 4 4.5 3.4 3.2 3.6
4.75 4.5 5 3.8 3.6 4
5.5 5 6 4.4 4 4.8
6.5 6 7 5.2 4.8 5.6
7.5 7 8 6 5.6 6.4
8.5 8 9 6.8 6.4 7.2
9.5 9 10 7.6 7.2 8
11 10 12 8.8 8 9.6
13 12 14 10.4 9.6 11.2
15 14 16 12 11.2 12.8
17 16 18 13.6 12.8 14.4
19 18 20 15.2 14.4 16

21.5 20 23 17.6 16 19.2
24.5 23 26 20.8 19.2 22.4

2.3. Data Analysis Methods

Each rainfall event was defined based on the time gap between the end of the previous and
the beginning of the next rainfall event. At least a 4-h dry period between the events was defined,
based on our observations of the time in which the canopy could dry out. For each event, the number
of drops, their diameter, and their velocity were obtained from the disdrometer’s raw data. The event’s
median volume diameter (D50) [6], rainfall kinetic energy [32,33], and the number of raindrops per
event were calculated according to disdrometer’s measuring area (54 cm2). The velocity spectrum is
largely redundant with the size spectrum, as drop terminal velocity depends on its size (v = v(D)).
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Gunn and Kinzer [34] showed that the velocity of drops with diameters less than 0.3 mm depends
rather linearly on diameter, and that the velocity of drops with diameters larger than 0.3 mm depends
on the square root of the diameter.

Throughfall per event was corrected using measured values from both the through and the
funnel gauges, according to their area. Stemflow was calculated based on the projected area of the
corresponding tree canopy [35]. Rainfall interception (I) was defined based on a simple water balance
equation, using measured precipitation (P), throughfall (TF), and stemflow (SF) e.g., [36]:

I = P − TF − SF (1)

Data analyses were performed using R, a software environment for statistical computing and
graphics [37].

3. Results

Rainfall, throughfall, and stemflow were measured from 1 January 2014 to 30 June 2017.
Snow events were excluded. During this period, 413 rainfall events were observed, with a total
of 4110.8 mm of rainfall, an average rainfall amount per event of 9.9 mm (ranging between 0.2 mm
and 167.4 mm), and an average rainfall duration of 8.5 h (ranging between 6 min and 119 h). In a
further analysis, we took into account 236 rainfall events for which complete data on drop diameter
and velocity were available. During these events, 2517.1 mm of rainfall was measured, with an average
rainfall amount per event of 10.7 mm (ranging between 0.2 mm and 93 mm), and an average rainfall
duration of 8.3 h (ranging between 6 min and 67 h).

3.1. Throughfall, Stemflow, and Rainfall Interception

The throughfall measured under the birch trees was, on average, 55% (±30%) of gross rainfall
per single event, and in total accounted for 1828.5 mm (73%) of rainfall during the entire observation
period (Figure 2). Under the pine trees, 29% (±26%) of throughfall was observed on average per single
event, which in total resulted in 1337.2 mm (53%) of rainfall during three and a half years. Stemflow
was much lower than throughfall (Figure 2). In total, stemflow for the birch tree was 82.4 mm (3.3% of
rainfall), while for the pine tree it was negligible at 1.6 mm (0.06% of rainfall). Stemflow was observed
during 134 events in the case of the birch tree, and ranged between 0.001 mm and 4.61 mm. Under the
pine tree, stemflow was detected during 102 rainfall events; however, the single event amounts ranged
up to 0.12 mm only. Rainfall interception by the birch trees was, on average, 43% (±31%) per event,
while the pines intercepted, on average, 71% (±26%) per event (Figure 2). In three events, the birch
trees did not intercept any rainfall; in the case of the pine trees, however, at least minimal interception
was always observed.
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periods. The black point inside the box represents the mean value, the black bold line represents the 
median value, and the box height includes the upper and the lower quartile values, while the bars 
represents the highest and the lowest values. The outliers are presented with individual points 
outside the box limits. 
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per cm2 were detected in six events, all of which delivered less than 0.6 mm of rainfall. The maximum 
number of raindrops was observed during a three-day event in November 2016, with 84.4 mm of 
rainfall. On average, 1578 raindrops per cm2 were observed for the analysed 236 rainfall events. 

Median volume diameters (D50) were, on average, 1.8 mm (±1.7 mm), varying between 0.4 mm 
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in more detail for three selected rainfall events, i.e., on 22 May 2017, 26 June 2016 and 21 August 2016 
(Table 3). Firstly, the events with incomplete temporal data from any of the gauges (rain gauge, 
disdrometer, automatic through gauges under birch and pine trees) were eliminated. Among the 
events with complete data, these three events from the foliated period were selected, representing an 
average extension of rainfall amount and intensity for all of the 236 measured events. Furthermore, 
the duration of each of the selected rainfall events was similar, in order to eliminate its influence. The 
throughfall used for the analysis was measured by the automatic through gauge, which was placed 
from the tree trunk towards the edge of the canopy, and reflected an average spatial variability of 
throughfall. 
  

Figure 2. Box-and-whisker plots of throughfall, stemflow, and rainfall interception under birch and
pine trees (note the different scale for stemflow), and under the birch tree during two vegetation
periods. The black point inside the box represents the mean value, the black bold line represents the
median value, and the box height includes the upper and the lower quartile values, while the bars
represents the highest and the lowest values. The outliers are presented with individual points outside
the box limits.

3.2. Number of Raindrops, Their Median Volume Diameter, and Kinetic Energy

The number of raindrops per event varied between 6 and 13,478 per cm2. Fewer than 19 drops
per cm2 were detected in six events, all of which delivered less than 0.6 mm of rainfall. The maximum
number of raindrops was observed during a three-day event in November 2016, with 84.4 mm of
rainfall. On average, 1578 raindrops per cm2 were observed for the analysed 236 rainfall events.

Median volume diameters (D50) were, on average, 1.8 mm (±1.7 mm), varying between 0.4 mm
and 4.4 mm. The kinetic energy of the rainfall events ranged from 0.01 mJ/cm2 to 23.3 mJ/cm2, and
was on average equal to 2.1 mJ/cm2.

3.3. Effect of Drop Diameter and Velocity on Throughfall

The effect of raindrop size and velocity on throughfall under birch and pine trees was evaluated
in more detail for three selected rainfall events, i.e., on 22 May 2017, 26 June 2016 and 21 August 2016
(Table 3). Firstly, the events with incomplete temporal data from any of the gauges (rain gauge,
disdrometer, automatic through gauges under birch and pine trees) were eliminated. Among the
events with complete data, these three events from the foliated period were selected, representing an
average extension of rainfall amount and intensity for all of the 236 measured events. Furthermore,
the duration of each of the selected rainfall events was similar, in order to eliminate its influence.
The throughfall used for the analysis was measured by the automatic through gauge, which was
placed from the tree trunk towards the edge of the canopy, and reflected an average spatial variability
of throughfall.
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Table 3. Properties of the selected rainfall events and corresponding throughfall (TF).

Event Duration
[min]

Rainfall
Amount [mm]

Rainfall Intensity
[mm/h]

Average Wind
Speed [m/s]

TF
Birch

TF
Pine

Kinetic Energy
[mJ/cm2]

D50
[mm]

A 22 May 2017 54 8.0 8.9 2.67 69% 31% 1.99 2.92
B 26 June 2016 69 15.2 13.2 2.28 62% 77% 2.23 2.94

C 21 August 2016 71 33.4 28.2 2.80 64% 70% 5.12 2.39

The weakest event A (22 May 2017) was the shortest (Table 3), with a small precipitation amount,
and with continuous rainfall distribution during the middle part of the event. The distribution of drop
velocity and diameter changed over time similar to rainfall distribution, namely because the intensity
increased during the first 10 min (20:00–20:10), stayed strong through the 30th min (20:10–20:30),
and then decreased (Figure 3). Two peaks in drop diameter and velocity were observed, i.e., between
minutes 13 and 17 and between minutes 20 and 25 from the beginning of the event. Drop diameter
reached up to 7.5 mm, and the highest measured velocity was 12 m/s.
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(upper panel), raindrop diameter (middle panel), and velocity in 1-min time intervals (bottom panel).
The dashed line indicates median volume diameter (D50) and average velocity (v). Number of drops
represents raw data.
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Throughfall under the pine trees started after 15 min (20:15) from the beginning of the event,
when raindrop diameter and velocity increased for the first time. Throughfall immediately accounted
for 23% of rainfall and, after a cloud of even larger and faster raindrops appeared, it increased up to
48% and 80% in two 5-min intervals (20:25 and 20:30), respectively (Table 4). However, throughfall
under the pine trees did not exceed the rainfall in the open during the event (Figure 3). Throughfall
under the birch trees similarly started after the increase in raindrop diameter and velocity (20:15).
The amount of throughfall under the birch trees instantaneously reached 67% of rainfall, and remained
at the same level until the significant decrease in rainfall, drop diameter, and velocity (20:35). At the
same time, the amount of throughfall started to decrease, but at a slower pace than the amount of
rainfall. Therefore, at that time (20:30–20:35), throughfall under the birch trees was greater than rainfall
in the open (Table 4).

Table 4. Variations in rainfall intensity, raindrop median volume diameter (D50), velocity, and
throughfall (TF) during three significant 5-min time steps for event A.

Time Intensity [mm/5min] D50 [mm] Average Drop Velocity [m/s] TF Pine [%] TF Birch [%]

20:25 0.4 2.81 5.04 48% 67%
20:30 0.12 3.60 5.34 80% 67%
20:35 0.04 2.76 4.94 60% 190%
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Event B (26 June 2016) (Table 3) is characterized by a concentration of rainfall at the onset of
the event. In the first 30 min, 95% of total rainfall was detected. Furthermore, in the first 20 min the
raindrops were larger and faster than during the rest of the event (Figure 4). The raindrop diameter
was, on average, 1.09 mm and 0.78 mm during the first and second parts of the event, respectively, and
the velocity was, on average, 4.76 m/s and 4.11 m/s. From the event minutes 13 to 18, an additional
increase in drop diameter up to 7.5 mm and drop velocity up to 15.2 m/s was observed (Figure 4).

The peak in raindrop diameter and velocity after the 13th min (at 12:30) instantaneously increased
the amount of throughfall under the pine trees. In the first 5 min, throughfall increased from 34% to
81%, and in the next 5 min (by 12:35), it even exceeded the amount of rainfall in the open (Table 5).
At the same time, no significant response was observed for throughfall under the birch trees (Figure 4).
In the part of the event with declining rainfall (12:40), the throughfall under the birch trees remained
approximately the same, and therefore exceeded the rainfall measured in the open (Table 5).

Table 5. Variations in rainfall intensity, raindrop median volume diameter (D50), velocity and
throughfall (TF) during three significant 5-min time steps for event B.

Time Intensity [mm/5min] D50 [mm] Average Drop Velocity [m/s] TF Pine [%] TF Birch [%]

12:30 1.12 2.70 4.37 81% 14%
12:35 0.52 3.47 4.11 138% 22%
12:40 0.04 3.35 4.11 360% 190%

The strongest event C (21 August 2016) was one of the most intense among all of the measured
events in three and a half year period (Table 3). According to the raindrop size and velocity, the
event was divided into two parts (Figure 5). In the first 20 min, 26.2 mm of rainfall was measured,
corresponding to 78% of the total rainfall. Raindrop diameter reached up to 7.5 mm and was,
on average, 1.06 mm. Raindrop velocity was as high as 15.2 m/s, and on average 4.73 m/s. The highest
values of both were observed within a short time interval between the 4th and 7th min from the start
of the event. In the second part of the event, both drop diameter and velocity were lower, averaging
0.75 mm and 4.17 m/s, respectively, and reaching up to 3.75 mm and 10.4 m/s.

Throughfall under the pine trees started 5 min after the beginning of the event (5:00), and at that
time already amounted to 51% of the rainfall. As the event progressed, throughfall increased, but it did
not exceed the amount of precipitation in the open. Throughfall under the pine trees was following the
trend of the rainfall, increasing in the first part and decreasing in the second part of the event (Figure 5).
The response of the birch trees to the high intensity rainfall, with large and fast raindrops, was slower,
as throughfall increased gradually. In the first part of the event, the throughfall accounted for only
5.9 mm (28% of total measured throughfall). However, the amount of throughfall remained the same
(3.23 mm) for the next 15 min (5:15–5:30), after the decrease of rainfall, denoting the second part of the
event. During the 20 min after this turning point (5:20–5:35), the throughfall under the birch trees was
higher than the amount of rainfall in the open (Table 6).
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Table 6. Variations in rainfall intensity, raindrop median volume diameter (D50), velocity and
throughfall (TF) during three significant 5-min time steps for event C.

Time Intensity [mm/5min] D50 [mm] Average Drop Velocity [m/s] TF Pine [%] TF Birch [%]

5:15 0.76 2.31 4.64 79% 90%
5:20 0.16 1.53 4.44 105% 404%
5:25 0.12 1.45 4.41 60% 538%

4. Discussion

The results of this study demonstrate that during 236 rainfall events, throughfall accounted for
73% and 53% of rainfall under the observed birch and pine trees, respectively (Figure 2). Similar results
were reported by other researchers. Throughfall under urban deciduous trees was measured at 71%
of rainfall under a blue gum tree in Melbourne, Australia [35], and 74% of rainfall under a ginkgo
tree in California, U.S. [38]. Additionally, throughfall in a residential urban forest in North Carolina,
U.S., ranged between 78% and 89% of rainfall [39]. These values correspond well to the results of
throughfall under the birch trees in the present study. Furthermore, the results of throughfall under
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the pine trees in this study agree with the annual proportions of throughfall ranging from 51% to 78%
of rainfall in a pine forest in northern Britain [40], and with the average throughfall of 66% in red
pine plantations in southern Ontario, Canada [41]. Similar values were also measured for coniferous
Douglas fir trees and western red cedar trees in an urban area of British Columbia, Canada, for which
throughfall resulted in 50% and 46% of rainfall, respectively [42].

For the three analysed rainfall events (Table 3), throughfall under the birch trees was lower than
the average for this study (Figure 2). However, throughfall under pine trees was higher than the
average value during events B and C, and lower during event A. The duration of events B and C is
almost equal, whereas event A was the shortest among the three considered events, and had a lower
rainfall intensity (Table 3). The increase of throughfall with a longer rainfall event duration and higher
rainfall intensity was also observed in other studies [11,14,15,43,44]. Additionally, the majority of
rainfall was delivered at the beginning of events B and C, whereas the rainfall during event A was
more evenly distributed (Figures 3–5). The high amount of rainfall at the beginning of the event
resulted in a faster saturation of the tree canopy. Although drainage starts prior the complete canopy
saturation, as reported by Klassen et al. [45], it increases afterwards, resulting in higher throughfall
during the rest of the event. The same was demonstrated also by Andre et al. [13].

A detailed analysis of drop size distribution (DSD) demonstrates that the occurrence of larger
raindrop diameters and higher drop velocities during all three events induced changes in throughfall
under the pine trees (Figures 3–5). This corresponds with the findings of Calder [17], Calder et al. [46],
and Hall et al. [47], which found that throughfall is higher for larger raindrop diameters. A five-min
time interval with larger drop diameters and velocities was observed more than 10 min after the
beginning of events A and B. That interval increased throughfall under the pine trees by 47% and 25%
during events A and B, respectively. Larger drop size distribution during event C was observed sooner,
from minutes 4 to 7, as well as increased throughfall under the pine trees by 26%. A similar increase
of 28% and 20% of throughfall under pine trees, after the onset of larger and faster raindrops during
June and July 2014 events, respectively, was reported also by Zabret et al. [24]. On the other hand, no
influence from changes in the drop size spectrum on throughfall under the birch trees was observed in
this study.

Analysis of event A demonstrates that an increase in drop diameter and velocity might have
started the throughfall under both species of trees. During event B, throughfall under both the birch
and pine trees started after 5 min, i.e., when 2 mm of rainfall had fallen. Throughfall under the pine
trees was induced by 3 mm of rainfall, and under the birch trees by 7.8 mm, which were measured 4
and 7 min after the beginning of event C, respectively. However, during event A, throughfall under
the birch trees started 12 min after the beginning of the rainfall event, while throughfall under the
pine trees started after 14 min. At that time, the first increase in drop size spectra was observed
(Figure 3). The rainfall amount needed to induce throughfall during this event was only 1.2 mm and
1.8 mm for the birch and pine trees, respectively. A similar phenomenon of inducing throughfall by a
cloud of larger drops was also shown in other studies [3,24]. For example, during the July 2014 event,
throughfall under the pine trees started after 40 min from the beginning of the event, simultaneously
with a drop diameter increase, when 1.8 mm of rainfall fell as well [24].

The duration and rainfall distributions of events B and C were similar, as they were 69 and
71 min long, respectively, and the majority of rainfall was concentrated in the first 20 min of the events.
However, event B delivered 15.2 mm of rainfall, and event C 33.4 mm of rainfall. Throughfall under
the pine trees after the occurrence of larger and faster drops immediately increased in both cases,
but it exceeded the amount of rainfall in the open only in the case of event B (Figure 4). A similar
phenomenon was also reported for the June 2014 event, which was 75 min long and delivered 10.2 mm
of rainfall [24]. This may be the consequence of the time delay in the increase in the drop size spectrum
and the amount of rainfall delivered until then (Figures 4 and 5). For event C, during which throughfall
under the pine trees remained lower than the rainfall in the open, an increase in the drop diameter
and velocities was observed 4 min after the beginning of the rainfall event, when 2 mm of rainfall
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had fallen and the tree canopy was not yet fully saturated. To compare to other studies, water storage
capacity estimated for coniferous trees ranges up to 2.7 mm for red pine [48] and up to 2.8 mm for sitka
spruce canopy [49]. However, an increase in drop size distribution during event B was observed after
13 min, when 6 mm of rainfall had already fallen. Additionally, drop diameter and velocity increase
during the June 2014 event occurred after 15 min, when 4.6 mm of rainfall had fallen [24]. By that
time, the canopy storage capacity was full. Nanko et al. [3] reported that the occurrence of larger and
faster raindrops induces vibrations of the canopy, which is similar to wind stimulating dripping of
stored water, and significantly increases throughfall, a fact which has also been reported by other
authors [3,13,38].

The increase in drop size and velocity spectrum influenced throughfall under the pine trees for
each analysed event; however, no such response was observed for the birch trees. During all three
considered events, the amount of throughfall under the birch trees maintained the same quantity from
the start, and also when the rainfall began to decline. After that, the throughfall under the birch trees
exceeded the rainfall in the open (Figures 3–5). Therefore, we can assume that the throughfall under
the birch trees was the result of a saturated canopy, rather than the changes in drop diameter and
velocity. The different response of pine and birch trees may be a result of different tree properties
(Table 1). Nanko et al. [3] indicated that broad-leafed trees, such as sawtooth oak, have a larger water
storage area per leaf than needle-leafed trees. Also, storage capacity of leaves was measured to be
higher for larger drops than for smaller ones, as reported by other researchers [4,50]. Therefore, the
birch tree (as a deciduous tree) retains larger drops on leaves, while pines react to drops with larger
diameters with increased throughfall. Andre et al. [13] reported that larger canopy storage capacity is
also related to larger leaf area index (LAI), which was higher for birch than for pine trees during the
analysed events in our study (Table 1). Additionally, higher branch inclination increases throughfall,
which is consistent with the results of Bassette and Bussiere [4], as birch tree branches are oriented
towards the sky, while pine tree branches lean towards the ground (Table 1). Due to downwards
branch inclination, intercepted rainfall may laterally translocate towards the canopy edge [51], which
may lead to the occurrence of drip points where throughfall exceeds 100% [14,52,53]. However, the
lateral translocation of the captured rain seems not to have had a significant influence on throughfall
under the pine trees in our study. Furthermore, the properties of branches and stem are important, as
Llorens and Gallart [48] showed that the specific water retention capacity of branches and stem is six
times higher than that of needles.

5. Conclusions

Continuous measurements of rainfall, throughfall, and drop size distribution (DSD) over three
and a half years provided enough data to analyse the influence of open rainfall microstructure on
throughfall. Similar to previous studies on interception, we showed that throughfall increases with
the rainfall amount and duration. Additionally, rainfall distribution during the event influences the
amount of throughfall. We demonstrated that an increase in drop diameter and velocity on the event
scale is connected with an increase of throughfall under pine trees, whereas birch trees did not show
any response. During event A, a 4% increase of average drop diameter and a 6% increase of average
drop velocity increased throughfall under the pine trees by 32%. Birch trees have different properties
to pine trees, which probably determined their response to changes in DSD. Birch trees’ larger leaf
area index (LAI), upwards branch inclination, smooth bark, and finally, possession of leaves instead of
needles, eliminated the effect of larger and faster raindrops. However, when the beginning of an event
involved low intensity rainfall, the increase in drop velocity and diameter induced throughfall under
both tree species. In comparison to events B and C, the late start of throughfall in event A, triggered
only by 1.2 mm of rainfall, was observed simultaneously as an increase in drop size distribution.

The results of this study indicate that rainfall microstructure is an important variable influencing
throughfall dynamics. The differences in the response of these two distinct tree species suggest that
future research on the influence of open rainfall DSD on the throughfall amount and dynamics is
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needed. This may help to understand how rainfall DSD in various climate zones influences throughfall
dynamics, and how it is affected by different tree canopy characteristics.
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