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DISCHARGE FLOW RATE CHANGE UNDER RAINY
CONDITIONS ON URBAN MOTORWAYS

ABSTRACT

Queue discharge flow is the most frequently observed
phenomenon on urban motorways when demand exceeds
capacity. Once a queue is formed, congestion arises, and
the number of vehicles that can pass from downstream
reduces. This reduction phenomenon is defined as the ca-
pacity drop and calculated by taking the difference between
capacity and discharge flow at a road section. Obviously, this
capacity drop exists after an onset of congestion and may in-
crease in relation to weather conditions, such as rain, snow,
or fog, which cause longer queues and delays. In this pa-
per, the effect of rain on discharge flows is investigated and
compared with sunny days on Istanbul urban motorways.
Besides, rain precipitation during congestion is considered
and related to discharge flow. Four different motorway sec-
tions were analyzed, and up to 37% discharge flow reduction
was determined between sunny and rainy conditions. Motor-
way sections with higher free flow speed (FFS) were found to
be more affected by rain, and discharge flow reduction was
bigger compared to the section with the lowest FFS. For 1
mmy/m?/h of precipitation, the discharge flow is estimated
as 1,719 pcu/h/lane when FFS is 84 km/h, and as 1,560
pcu/h/lane if FFS is 104 km/h.
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1. INTRODUCTION

Traffic congestion is a daily routine, especially for
commuters, who use their private cars during morning
and evening peak hours. When road section capacity
becomes insufficient compared to demand, conges-
tion inevitably occurs during peak hours.

Congestion duration is definitely related to both
demand and bottleneck capacities. It is obvious that
once the volume reaches a certain threshold value
on the upstream, the downstream cannot deal with it,
and bottleneck activation takes place. Once a queue
is formed, if the demand remains the same, less flow
can be discharged at the downstream. This phenome-
non is called ‘capacity drop’ and could be defined as
a reduction at mainstream flow after onset of queue

on the upstream, or basically the difference between
capacity and discharge flows [1-3]. In this statement,
the discharge flow indicates the outflow of congested
vehicles without influence of any downstream queues.
Besides, the capacity is pointed out as maximum sus-
tained 15-min flow rate of that road, and it must be re-
peated over time. Since capacity is not stable, both ca-
pacity and discharge flow may vary, even in the same
section. Additionally, they can vary between different
traffic lanes in the same cross-section of a carriageway
[41.

Explicitly, capacity drop and discharge flow express
a decrease of infrastructure performance. Capacity
drop has a strong relation with delays and can affect
commuters negatively. To prevent its negative effects,
various traffic control strategies are applied in the liter-
ature [5-7]. The value of discharge flow is not constant;
it changes with high standard deviation in each occur-
rence, even in the same section [8-10]. It is difficult
to clarify the effects of discharge flow on traffic since
it takes a wide range of values. In addition, adverse
weather conditions such as rain and snow make it
more complex to explain.

This paper mainly focuses on discharge flow
change on basic motorway sections in istanbul, where
the flow is simply interrupted due to traffic demand.
The queue discharge flow is assumed as the maximum
flow rate constituted by the queued vehicles, while the
traffic flow speed increases from congested to uncon-
gested states for both rainy and sunny conditions. The
queue discharge flows are determined daily for each
traffic sensor called RTMS (Remote Traffic Microwave
Sensor) in relation to rain precipitation occurring in the
course of congestion. In order to analyze discharge
flow change, firstly, a comparison is made in percent
frequencies between rainy and sunny conditions. Sec-
ondly, the discharge flows which are observed under
the rain precipitation are analyzed within themselves.
Congestion time period is used as a time interval, and
total rainfall amount is used for precipitation. A novel
model is estimated between discharge flow and total
rain precipitation during congestion in relation to the
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free flow speed (FFS) of each section. FFS is deter-
mined as the average of speeds when the flow rate is
below a constant threshold. This value is determined
by considering speed-flow rate relationships at each
section. This is because it is known that speeds are
not affected by the number of vehicles in traffic flow
below this threshold. In other words, drivers can de-
cide their speeds freely below this point. Finally, the
averages of those vehicle speeds are considered as
FFS of each section. From the used RTMS in this study,
this threshold value is determined as 500 pcu/h/lane
for sunny and 400 pcu/h/lane for rainy records. As a
last step, the discharge flows observed on sunny days
with clear sky are compared to rainy days in order to
clarify percent reduction in discharge flows. According-
ly, only queued vehicles without the influence of any
downstream flow are used to determine the discharge
flows at four different sites.

The analyses were conducted on the Trans Euro-
pean Motorway (TEM), which is the crucial main urban
motorway in Istanbul, based on 15-min aggregated
traffic flow characteristics. To accomplish this study,
time-speed and rescaled cumulative flow rate graphs
are used in order to determine the discharge flows pre-
cisely as mentioned in the literature [11, 12].

2. LITERATURE REVIEW

Since both human behavior and traffic flow itself
are complex processes, it could be hard to explain ei-
ther the variation in discharging flow or the rain effects
on it. The variation is caused due to the composition of
vehicles in discharging flow, the intensity of rain affect-
ing the queued vehicles, the road surface conditions,
or even the time of a day.

In the literature, a wide range of studies on capac-
ity drop and queue discharge flow generally focus on
capacity drop at motorway bottlenecks. Since capacity
drop is defined as the difference between road capac-
ity and queue discharge flow, both of them provide a
comprehensible method for detailed analyses. Howev-
er, both capacity and discharge flow can vary, even in
the same section. It is not a comprehensible method
to analyze rain effects with capacity drop. For this rea-
son, aiming this study at investigating discharge flow
change is a more explanatory way, since it is less bi-
ased.

Hall and Agyemang-Duah [3] and Banks [1, 2] first
indicated the decreasing flow rates after formation of
queues, in other words, capacity reduction at motor-
way bottlenecks. Hall and Agyemang-Duah [3] found
the maximum flow rate reduction as 5% to 6% at mo-
torways from empirical observations after congestion
occurs. They similarly pointed to greater consideration
of passenger car equivalents in calculations. On the
other hand, Banks [1] observed lower capacity reduc-
tion (3.2%).

Although this paper mainly focuses on discharge
flow change under rainy conditions, the published pa-
pers on this subject are quite limited. Most of the stud-
ies are related to road capacity change according to
weather conditions or capacity drop analyses without
weather effects. The lane-based changes of traffic flow
characteristics were evaluated by Rijavec and Semrov
[4] but not for discharge flow. Additionally, few studies
calculate discharge flows, generally excluding weather
effects. One of those studies, written by Elefteriadou
and Lertworawanich [8], mentioned that the maximum
discharge flow varied between 1,431 veh/h/lane to
2,241 veh/h/lane during a 15-min aggregation inter-
val without considering weather effects. The standard
deviation was 140 veh/h/lane in each study site. Ad-
ditionally, it is mentioned that the numerical value of
discharge flow varies and has a relatively large range,
e.g. several hundred veh/h/lane.

Discharge flow, which is constituted by queued
vehicles (in congested regime), is relatively low com-
pared to capacity flow. This may happen because of
the increase in vehicle passage time that occurs when
speed decreases [2]. In addition, according to the
observations used in this study, flow is comprised of
accelerating vehicles. Since they can have different
engine powers and driver characteristics, their speeds
can be different, which leads to variations of average
vehicle headways.

Cassidy and Rudjanakanoknad [7] observed dis-
charge flows as low as 1,560 veh/h/lane and as high
as 1,856 veh/h/lane on California motorways. On the
same motorways, Chung et. al. [9] noticed discharge
flows in sunny conditions from 1,680 veh/h/lane to
1,856 veh/h/lane, and the discharge flow from one
observation in light rain was found to be 1,760 veh/h/
lane. Bertini and Malik [13] observed discharge flows
for sunny days between 2,115 and 2,130 veh/h/lane,
while for light rain the discharge flow was about 2,145
veh/h/lane on Minneapolis motorways. Results of sev-
eral studies indicate a wide range of discharge flow
values even for similar road types. Bertini and Leal
[14] observed discharge flows that varied from 1,575
veh/lane to 1,750 veh/lane on M4 Motorway, United
Kingdom. Cassidy and Bertini [15] indicated the min-
imum discharge flow as 1957 veh/h/lane and the
maximum as 2,167 veh/h/lane for spring and winter
observations during clear skies at two different sites.

Oh and Yeo [16] revealed a change in discharge
flow by lane excluding weather effects. For a three-
lane highway, the discharge flow in the leftmost lane
appeared as 2,074 veh/h/lane, 1,954 veh/h/lane for
the middle lane, and 1,742 veh/h/lane for the right-
most lane. A five-lane highway observation contains
more surprising results, as for the discharge flow in the
leftmost lane was close to 2,231 veh/h/lane, while for
the leftmost lane it amounted to 1,582 veh/h/lane.
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There are no explanatory studies that reveal a
change in discharge flow under the effect of rain pre-
cisely. Only several studies mentioned rain effect,
when researchers encountered rainy discharge flow.
Although there is no information about discharge flow
change in rainy conditions, its effect could be some-
what comprehensible from previous studies which are
based on capacity change. The rain precipitation con-
sidered by Jones and Goolsby [17] indicates a 14% to
19% motorway capacity reduction. Kleitsch and Cleve-
land [18] stated that more than 1 mm/h rain precipi-
tation causes a motorway capacity decrease of up to
8%. Almost in all studies capacity reductions are signif-
icant, as Brilon and Ponzalet [19] mentioned 18%, Bal-
ke et. al. [20] recorded 6.8%, while Hranac et. al. [21]
found a 10% to 11% capacity reduction. Additionally,
Holdener [22] remarked that wet road surface causes
road capacity reduction between 8% and 24%.

The results of previous studies have shown that
there is variability in discharge flows. However, few
studies mention the effect of rain on discharge flow.
The main concerns of those very limited studies were
not to investigate the effect of rain on discharge flow.
Their authors typically encountered a few rainy obser-
vations. There is no in-depth analysis about the effect
of rain on discharge flows. Unlike the studies encoun-
tered in the literature, this paper compares rainy and
sunny discharge flows and the effect of rain precipita-
tion on discharge flow on urban motorways.

3. DATA COLLECTION AND STUDY SITES

In order to reveal discharge flow change with re-
spect to rain, macroscopic traffic flow characteristics
were gathered, such as speed, volume, and vehicle
composition per lane via RTMSs in 2-min intervals

(constituting 720 observations per day). RTMSs were
operated by the Traffic Management Center, Municipal-
ity of istanbul. Measured traffic flow records were gath-
ered per lane and then converted to road values from
all RTMSs. Summation of vehicle counts for each lane
was used as road base volume, while weighted aver-
age of speeds for each lane (considering volume) was
used as road base flow speed. In each lane, volume
was used as the weight to calculate average speeds.
Since in each traffic lane different volume counts were
observed, the logical way to determine road base
speed was to calculate from weighted averages. As a
result, road based average flow speeds were obtained
in addition to vehicle counts and vehicle composition.

The weather records, including the rain precipita-
tion, were obtained from Turkish State Meteorological
Service with road weather stations at 1-min intervals.
All those stations were constructed for road weather
observation purpose and represent weather events
exactly for the nearest RTMS. There are 100 meteo-
rological stations within istanbul to observe weather
events, and 40 of these stations are used for regional
weather observation purposes only, while 60 of them
are for road weather information. Rain precipitation
accuracy is 0.2 mm/m2/min, and 1,440 observations
are recorded per day.

In this research, four-month traffic and weather re-
cords (between November 2015 and February 2016)
are evaluated by aggregating them to 15-min, similar
to previous studies [8, 16, 23]. The approximate loca-
tions of both traffic and weather sensors are shown in
Figure 1.

The nearest weather station to each section is con-
sidered for the analyses of weather and traffic flow
data fusion process, which is completed in two steps.

e Weather station
A RTMS

== TEM Motorway
Highway network |

A 1Y

Figure 1 - Approximate locations of traffic and weather sensors along TEM
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Firstly, 1-min weather observations are converted to
15-min intervals. It is done simply with a summation
of consecutive 15 precipitation records. In the second
step, 2-min traffic flow observations are aggregated
within each 15-min time interval. For this process, the
first 7 and a half of the 8" record are considered for
the traffic records. As for the 8t record, half of the ve-
hicle count and %2 weight for speed are considered.
After these two steps, rain precipitation is simply
matched with the traffic flow records, since numbers
of observations are equal for each day. It should be
noted that both weather and traffic records were re-
corded at the end of the observation time interval, and
this data fusion approach is relatively easy, since there
is no problems with the time accuracy linkage.

Eight different RTMSs at four different sections
on TEM were selected as study locations, with four of
them on the Asian side and others on the European
side. TEM is one of the main arterials in istanbul, and
it connects Asia and Europe with quite high urban and
intercity traffic demands. Discharge flows change is
analyzed on basic motorway sections, which are far
from off and on ramp sections, as shown by the ap-
proximate locations of RTMSs in Figure 2. Therefore,
congestion had to start because of bottleneck acti-
vation without any external impacts like incidents or
vehicle breakdowns. Additionally, traffic flow records
are more reliable for basic motorway sections in terms
of making fair comparisons, since RTMSs have high-
er miscounting errors at merge and diverge sections.
These miscounting errors originate mostly from the
lack of lane discipline, especially at motorway merges
and diverges. The main aim of this study is not to ana-
lyze the formation of queues at on-ramp bottlenecks,

Section | (European side)

but on the contrary, it is for clarification of how queues
discharge and change with rain precipitation on basic
motorway sections.

The traffic of heavy vehicles, except buses, is re-
stricted during peak hours (06:30-10:30 and 16:00-
22:00) in order to reduce traffic demand along TEM
urban sections. Additionally, speed limits are applied
as 120 km/h for passenger cars, 100 km/h for buses,
and 90 km/h for heavy trucks at TEM, as well as all
motorways in Turkey. RTMSs can only distinguish vehi-
cles according to their length for vehicle composition.
Details of traffic records allow using only two clusters
for vehicle composition, as heavy and light vehicles.
In the analyses, heavy vehicles are converted to pas-
senger car unit (PCU) by using the 1.5 coefficient as
indicated in HCM 2010 [24]. RTMSs classify vehicles
of length under 10 m as light, otherwise as heavy ve-
hicles. For this reason, there is no distinguishing vehi-
cles in more detail, such as heavy trucks, recreational
vehicles, or intercity buses from those observations.
Long vehicles are multiplied with the coefficient of 1.5
and added to regular vehicle counts to find PCU for
each traffic flow record.

All four sections suffer from high intercity traffic de-
mand, especially from commuters. Even though traffic
is restricted for heavy vehicles during peak hours, sub-
stantial intercity public transport and service buses
regularly use those sections every day. From the four-
month traffic observations, heavy vehicle percentage
shows little variation from site to site. The highest av-
erage heavy vehicle percentage is observed at Section
Il 'as 21.96%, while the lowest at Section | as 15.04%.
Dense residential areas between Sections | and Il may
cause an increase in average heavy vehicle percent-
age since TEM is the single main arterial for heavy ve-
hicles passage. For Sections Il and IV, heavy vehicle

Section Il (European side)

Bayrampasa

Hasdal

Interchange — i l A S S I A I . —l - Interchange
] ) t m
#147 #412 #414  #89 TR
Avrupa Konutlari
‘ ‘ Interchange ‘ ‘
200m 140m625m 1,420m 245m | 380m 230m 530m835m 1,630m  230m

Section Il (Asia side)

Section IV (Asia side)

Cakmak — g ; il it et i B i_ —— - Kavacik
Interchange | — T AR - | terchange
— iy = — <~ = = : =
ol B R ?——/ I —
#4  #323 #61  #329

350m 100m‘ 720m

Umraniye Interchange

‘1,325m 200m ‘165m’150m} 550m 350m }3,370mv1,810m660m 200m

Figure 2 - Approximate location of four sections with eight RTMSs
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percentages are calculated as 19.44% and 16.04%,
respectively. Traffic congestion at these sections orig-
inates from extremely high traffic demand, especially
during weekdays. Hence, Sections | to IV suffer from
daily traffic congestion even in sunny days. However,
with rain influence both congestion and its negative
effects increase. From this perspective, the analyzed
sections are highly convenient to study and under-
stand the possible effects of rain precipitation.

To sum up these explanations, by considering the
presence of rain during a discharge period, 15 rainy
days were determined. Moreover, it is assumed that
the rain started at least one hour before the discharge
period. In order to minimize the daily discharge flow
change, the days just after these rainy days were de-
termined as sunny days. As a result, 30 days (15 sun-
ny, 15 rainy) are considered for discharge flow analy-
ses. Discharge flows are identified for all RTMSs during
30 days.

4. METHODOLOGY

The most crucial and difficult part of the study is
the accurate determination of the queue discharge
flows for both sunny and rainy days, since the study is
based on them. First, congestion originated from any
incident or vehicle breakdown is identified and elim-
inated from the data set, since it generates a bottle-
neck and affects routine traffic flow behavior.

Discharge flow is determined as the observed
maximum flow rate on field after bottleneck activation
and prior to its full recovery. This flow could be distin-
guishable through flow regime, which changes from
congested to uncongested flow conditions similar to
previous studies [1, 8].

Determination of incidents or vehicle breakdowns
is not enough for precise identification of discharge
flows. Due to unpredictable nature of traffic flow, it
is necessary to be sure that when queue discharge
flow is observed at any section, a queue must exist
upstream, while downstream it has free flow. In order
to clarify how this process is done, Figure 3 is given
for three consecutive RTMSs (#147, #412, and #413,

respectively) in Section | for the rainy day of 11 Feb-
ruary 2016. As indicated in Figure 2, RTMS #412 is lo-
cated 625 m after RTMS #147. A third RTMS (#413) is
used for verification of traffic state in Figure 3, and it is
located 730 m after RTMS #412. The same road geo-
metric standards are valid for RTMS #413, while it is
not used for discharge flow change determination. The
purpose of its usage is to identify correct discharge
flows for the RTMSs in Section I, which are given in
Figure 2. A similar approach is applied for the other sec-
tions in order to clarify the discharge flows.

Figure 3 is presented by using 15-min shifted
speeds of RTMSs #147, #412, and #413. Consider-
ing the flow direction, the first RTMS is #147, and the
latest is #413. If congestion originates due to bottle-
neck activation, it can be identified by the first speed
reduction observation from RTMS #413, just as seen
in Figure 3. Then the queue reaches RTMSs #412 and
#147, respectively, and similar speed reductions are
observed after some time. Speed reduction trends of
these consecutive three RTMSs are simply evidence
of an activated bottleneck. However, the most import-
ant part is the clarification of discharge flow, which
can be observed during a speed increase (in this case
around 08:00) and must be verified by checking con-
secutive speed increases as before. The first speed
increase must be observed on the downstream RTMS
#4413, while the latest on the upstream RTMS #147.
Figure 3 similarly proves this consistent change be-
tween RTMSs. This procedure is applied for both rainy
and sunny days of eight RTMSs'. It should be noted
that only two RTMSs in each section are considered
for discharge flow analyses, and for this reason down-
stream RTMSs are not presented in Figure 2. Although
this procedure is applied to generate the data set, ac-
tually it is not important as to how queues are formed.
Even though they could form with queue spillbacks
or incidents, the crucial point is how those flows are
discharged, and this must be verified with the speed
increase part in Figure 3.

After the confirmation of speed decreases, which
originate solely from bottleneck activation, as a sec-
ond step the discharge flow is determined. Discharge

120
E rh A, - 4
£ 100 mpe RS nsa i
= \.,,. { /
4 80 e
I3 N S / :
a x|\ S
o 60 P A1 Legend
3 "\ £ RTMS
e A \ e
= 40 e fi e 147
S A e A
g 20 —— 1412
) -=- 413
D)
6:00:00 6:30:00 7:00:00 7:30:00 8:00:00 8:30:00 9:00:00
Time of day

Figure 3 - Time series of speeds between adjacent RTMSs in Section |
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flows are difficult to differentiate among observations
while flow state changes from congested to free flow
conditions. A precise way to specify them is to use res-
caled cumulative flow and speed time series together.
A background volume is subtracted to obtain rescaled
cumulative flow which magnifies the changes on vol-
ume. As an example, changes of speed and rescaled
cumulative flow are shown for RTMS #147, which be-
longs to 9 November 2015 between 11:40 to 14:40
for a sunny day in Figure 4.

From Figure 4, it can be concluded that conges-
tion started after 12:00 and fully recovered around
13:30. From this figure, the beginning of congestion
as well as the discharge flow can be identified with
the determination of two changes. The first one is
the change of rescaled cumulative curve slope and
the second one is the change of flow speed. Point A
indicates the change of rescaled cumulative curve
slope, which means less vehicles began to pass during
speed reduction compared to before. This point is the
congestion start point. Similarly, during the speed in-
crease (approximately between 13:12 and 13:30) the
rescaled cumulative flow slope change stands out at
13:20 (indicated with point B), which means the maxi-
mum output that passed after the congestion is deter-
mined as 6,486 pcu/h/4 lanes (1,621 pcu/h/lane).
As a background (reference) volume, 4,350 pcu/h/4
lanes (1,088 pcu/h/lane) is determined in order to
clarify the change in slope clearly. It should be noted
that even when different background volume is used,
points A and B should remain the same. However, it
could be difficult to distinguish those points with differ-
ent background volumes. Because of this, background
volumes are selected as site specific.

Sunny discharge flow determination, just like in
Figure 4, is relatively easy, since rainfall must addition-
ally be taken into account for rainy days. Consequently,
during a speed increase in rainy days, either rainfall

must exist or road surface must be wet. Since such
occurrence is rather rare, there is a relatively small
number of rainy discharge flow observations.

By this approach, every single discharge flow is de-
termined attentively and accurately day by day. Finally,
two different data sets are generated, one for sunny
and another for rainy observations.

5. DATA ANALYSIS AND FINDINGS

Compiling precise data sets from a large amount
of data would mean nothing without determining ef-
fective analysis methods. In this study, it is preferred
to use rain precipitation time in relation to congestion
time. In this way, total rainfall amount is calculated
during a congestion time period (time interval between
points A and B in Figure 4), and its hourly equivalent is
named rain precipitation, its unit being mm/m2/h.

Along Istanbul urban motorways, 84 sunny and 52
rainy discharge flows were determined from four sec-
tions, where two RTMSs were present at each section.
For each RTMS used in this study, Table 1 includes dis-
charge flow descriptive statistics for both sunny and
rainy days. The data set includes discharge flows as
well as FFSs for rainy and sunny days, average rain
precipitation during congestion, standard deviations
of discharge flows and average discharge flow reduc-
tions compared to sunny days.

Table 1 includes key parameters at each section like
average discharge flows, FFSs as well as average rain
precipitation during the congestion time period. Along
all analyzed sections, lane width is constant (3.75m),
shoulder lanes are present and there are four lanes in
each direction. Due to some environmental reasons,
such as slight gradient change and existence of road-
side distractions, sections’ FFSs could differ from each
other. However, it could be concluded from the obser-
vation of flow rate-speed graphs of each RTMS that
the capacity of each section is approximately identical.
Amongst four sections, Section Il has the lowest and

120 8,000 &
— 100 A 9,000 :\r
= *0000000. <
g .’. SO T00000000000000000000000000 %Y 10,000 ?
> 80 \ . a 8
g Vg 11,000 3
[0 v g o
o o =
» 60 Lo X 12,000 o
3 £
ot * @©
= 13,000 S
S 40 g
. . - ]
g * porevne, # A ngmmng of congestion 14,000 ;
S 20 J ’o B  Discharge flow @
= L0000, 00P00000, ¢ Speed 15,000 §
—— Rescaled cumulative flow e
0 16,000
11:40 12:00 12:20 12:40  13:00 13:20 13:40 14:00 14:20  14:40
Time of day

Figure 4 - Determination of queue discharge flow for RTMS #147 on 9/11/2015
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Table 1 - Average discharge flow rates and statistical values on each RTMS

Group | RTMS FFS Weather Average rain pr2ecipitation Discharge flow [F.JCLf/hﬂane]
[km/h] [mm/m</h] Average | Standard deviation | Decrease [%]
147 99 Sunny 1,493 190
| 93 Rainy 3.55 936 34 37
412 102 Sunny 1,562 168
93 Rainy 2.45 1,328 177 15
089 101 Sunny 1,700 110
' 91 Rainy 1.62 1,432 234 16
14 104 Sunny 1,687 129
94 Rainy 1.65 1,410 236 16
004 88 Sunny 1,806 74
" 80 Rainy 1.36 1,719 124 5
323 84 Sunny 1,690 82
78 Rainy 1.16 1,602 111 5
061 94 Sunny 1,696 122
" 6 90 Rainy 2.29 1,282 232 24
329 99 Sunny 1,800 148
92 Rainy 1.61 1,545 346 14

Section Il the highest FFS in sunny days. For a rainy
FFS, Section Ill has the lowest while others have al-
most identical values. In each RTMS, the average dis-
charge flows in rainy conditions are relatively low com-
pared to sunny conditions. In order to indicate how rain
affects traffic flow, Figure 5 shows clearly the change
in speed-flow rate diagrams between sunny and rainy
days for one RTMS in each section.

120
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80 ‘4, {,.ﬁ“*)& #

=
g
£ 60
8 40 .’2 .}/
Q. 4
& 20 R8s Sunny
) 3 i ¢ Rainy
0
0 400 800 1,200 1,600 2,000 2,400
Flow rate [pcu/h/lane]
a) RTMS #147 in Section |
120
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*9 &, *
SRR S kA
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2 i BN
£ 60 .
= :‘ .
> 4
g 40 o W
& 20 ‘i" . Sunny
o L4 + Rainy

0 400 800 1,200 1,600 2,000 2,400
Flow rate [pcu/h/lane]

c) RTMS #323 in Section Il

The rainy observations in each section are only col-
lected if rainfall exists or road surface is wet. It is as-
sumed that road surface remains wet for 15 minutes
after rain stop. From these four speed-flow rate rela-
tionships, the most obvious differentiation shows up
on FFSs and change in speed-flow rate relationships
at free flow conditions. Rain clearly affects traffic flow
compared to sunny days. Although FFSs are different
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g 40 N, ey
o
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0
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b) RTMS #89 in Section Il
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d) RTMS #329 in Section IV

Figure 5 - Speed-flow rate diagram between sunny and rainy days
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from site to site, there is no obvious difference on the
congested flow conditions between sunny and rainy
days. The evaluation of each section is as follows.

Section I: In sunny days for two RTMSs inside the
section, FFSs, are slightly different from each other,
while they are equal in rainy days. Average discharge
flow at RTMS #147 is relatively low (936 pcu/h/lane)
in rainy conditions, which means a 37% reduction of
discharge flow compared to average sunny discharge
flows (1493 pcu/h/lane). However, from four rainy dis-
charge flows in RTMS #147, the hourly equivalent of
rainfall during the congestion is observed as high as
4.57 mm/m2/h with an average 3.55 mm/m2/h, as in-
dicated in Table 1. On the other hand, the average rain-
fall for RTMS #4412 is calculated as 2.45 mm/m2/h,
which means Section | has the highest precipitation
amongst others. It is obvious that in RTMS #147, the
rainy observations are highly affected by intense rain-
fall. In order to prevent the misevaluation of the results,
the intensity of rain during the congestion and average
discharge flow reductions are evaluated together. Ob-
vious effect of rain is clearly seen in Figure 5a for RTMS
#147. Both lower speed and capacity are observed at
free flow conditions, while there is almost no change
for congested flow.

Section II: Similar FFSs are observed for both RTMS
#414 and #89 in sunny and rainy days. Besides, the
averages of rainy and sunny discharge flows of both
RTMSs are almost equal at each condition, separately.
Consequently, the reduction of discharge flows is iden-
tical at 16% for both RTMSs. The average rain precipi-
tation for RTMS #89 is 1.62 mm/m?2/h, while for RTMS
#414 it is 1.65 mm/m2/h, which are almost identical.
Nearly an equal amount of rain precipitation causes
the same amount of reduction in discharge flows in
this section. The typical speed-flow rate relationship
difference is given between rainy and sunny days for
RTMS #89 at this section in Figure 5b.
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Section IlI: The lowest FFSs were observed in RTMS
#4 and #323, among others, respectively 88 km/h
and 84 km/h for sunny days. Additionally, in rainy con-
ditions, a 6-8 km/h reduction was observed in FFSs.
In Figure 5¢, the change in flow-speed relationship is
shown for RTMS #323 in this section. Due to the low-
est FSSs, the lowest reduction in discharge flows is
observed as well. Consequently, for both RTMSs, a 5%
reduction occurs in discharge flows observed between
rain and sunny days. In this section, average rain inten-
sity observed amounted to 1.36 mm/m2/h for RTMS
#4 and 1.16 mm/m?2/h for RTMS #323.

Section IV: The sunny FFSs of those two RTMSs in
this section show a difference of 5 km/h, and the av-
erage reduction under rain is 4-7 km/h. The effect of
rain in this section clearly appears in the flow-speed
relationship, which is given in Figure 5d for RTMS #323.
As an average, the rain precipitation of 2.29 mm/m2/h
affects rainy discharge flows for RTMS #61, and 1.61
mm/m?2/h for RTMS #329. The average reduction in
discharge flow is found to be 24% for RTMS #61, and
14% for RTMS #329, which is consistent with rain pre-
cipitation, as higher precipitation causes bigger reduc-
tion.

In order to clarify the number of discharge flow oc-
currences obtained from those four sections, percent
frequency distribution is used, and the discharge flows
are grouped within each 200 pcu/h/lane range from
800 pcu/h/lane to 2,200 pcu/h/lane given in Figure 6.

The maximum frequency for sunny days is 61% in
the 1,600-1,800 pcu/h/lane group, while the lowest
are 5% and 1% in the 1,200-1,400 and 2,000-2,200
groups, respectively. Unlike sunny days, rainy days’
distribution appears as more scattered, with maxi-
mum frequencies at 31% in the 1,400-1,600 group
and 27% in the 1,600-1,800 group. Initial analyses
indicate that rain has a reductive effect on discharging

i
A

i
A

T

1,000-1,200 1,200-1,400 1,400-1,600 1,600-1,800 1,800-2,000 2,000-2,200

Discharge flow rate [pcu/h/lane]

Figure 6 - Frequency distribution of discharge flows
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flows. To make a more comprehensive analysis, a total
of 52 different discharge flows under rainy conditions
are analyzed with their rain precipitations (mm/m?2/h).

The existence of an inverse relationship between
discharge flow and rain precipitation is revealed from
the observations. In order to consider the difference
between sites, FFSs of each section for sunny days,
which are given in Table 1, are similarly used. In the
dataset, the rain precipitations have a range of 0.23
mm/m2/h to 4.57 mm/m2/h; the discharge flows
change from 886 pcu/h/lane to 2,017 pcu/h/lane,
and FFSs take values between 84 km/h and 104
km/h.

Congestion starting time and its duration may show
a variation in each occurrence. Similarly, rain can start
before or after congestion. However, as the aim of this
paper is to analyze discharge flow change under the
effect of rain, neither congestion duration nor capacity
drop amount are taken into consideration. From this
point of view, even if rain starts after bottleneck activa-
tion, discharge flow is taken into consideration.

From this perspective, two possibilities exist for the
effect of rainfall on congested vehicles:

1) Rainfall starts after onset of congestion
2) Rainfall starts before onset of congestion (in free
flow conditions)

For the first situation, the total rain precipitation
is calculated until the observation of discharge flow.
In the second situation, the rain precipitation is cal-
culated from the beginning of congestion (Point A in
Figure 4) until the discharge flow.

With respect to these explanations, a multiple re-
gression model is considered, where the discharge
flow is dependent, and the rain precipitation and FFSs
of sunny days are independent variables. The multiple
regression model is presented in Equation 1.

Qus = 2,564.67 - 176.33 R - 7.97 - FFSs (1)

where R represents the rain precipitation (mm/m2/h)
during congestion, FFS refers to free flow speed
(km/h) of that road section insunny days, and Q . isthe

discharge flow in pcu/h/lane. Even though the non-lin-
ear relationships between variables are investigated,
the best fitted multiple regression model is determined
in linear form. Consequently, the multiple regression
model is estimated as linear form, and the coefficient
of determination is found to be 0.63 for Equation 1. The
result of this model is shown in Figure 7 with different
FFSs 84 km/h (observed lowest), 94 km/h (average of
all), and 104 km/h (observed highest).

This model reveals that if the FFS of a road section
is high, discharge flows tend to be low. Thus, it can be
concluded that roads with high FFSs have more un-
stable flow states. For the lowest FFSs, the model in-
dicates the results vice versa. From Equation 1, for the
same rain precipitation, the difference of discharge
flows between FFSs of 84 km/h and 104 km/h is cal-
culated as 159 pcu/h/lane. As discharge flow shows
high variation in sunny days, as mentioned in the lit-
erature, its variation in rainy days is similarly reason-
able. Additionally, a change in discharge flow with FFS
makes it more comprehensible.

Figure 7 shows discharge flows with respect to rain
precipitation and FFSs. In other words, Equation 1 can
only be used to calculate the discharge flows in rainy
conditions. Moreover, this equation estimation is lim-
ited by the boundaries of independent variables. The
rain precipitation varies between 0.23 mm/m?2/h and
4.57 mm/m?/h, while FFSs vary between 94 km/h to
104 km/h.

Additionally, discharge flow changes are compared
with sunny cases. For a more comprehensible percent-
age reduction model, the calculations lead to Figure 8.
This figure proves that the increase of the rain precip-
itation causes an increase of percent reduction in dis-
charge flows compared to sunny cases. The percent
reductions are found to be compatible with Figure 7,
however, Figure 8 is comparatively more scattered.

In order to clarify the percent reduction of dis-
charge flow, a quadratic regression model is estimat-
ed by using same independent variables as given in
Equation 1. Linear and non-linear relationships are in-
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Figure 7 - Reduction in discharge flow with increasing rain precipitation and FFSs
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Figure 8 - Percent reduction in discharge flow compared to sunny conditions with increasing rain intensity

vestigated between variables, and non-linear form is
found with a higher coefficient of determinations for
both variables in the percent reduction model. The es-
timated quadratic regression model for percent reduc-
tions can be expressed in Equation 2, at the same time
shown in Figure 8.

RQus=112.18-1.84-R+1.99 R?-

-2.70 - FFSs+0.02 - FFS? @

where R represents the rain precipitation in mm/m2/h
during congestion, FFS is the free flow speed on
sunny days, and RQ,. is the percentage reduction of
discharge flow. The coefficient of determination is cal-
culated as 0.70 for this model, and it should not be for-
gotten that this model is only valid when the precipita-
tion changes from 0.23 mm/m?2/h to 4.57 mm/m?2/h.
Additionally, FFS change lies between 84 km/h and
104 km/h.

Figure 8 includes the change of discharge flow per-
cent reduction in relation to the change of FFS of that
road section on sunny days. Discharge flow percent
reduction was comparatively found to be lower for low
FFSs. For instance, for the 2 mm/m2/h rain precipi-
tation, discharge flow reduction is found to be 8.1%
at FFS of 84 km/h, while 17.3% at FFS of 104 km/h,
according to Equation 2.

6. CONCLUSION

This paper analyzes the change of discharge flow
under the effect of rain with a comparison to sunny
days from the macroscopic perspective. Istanbul’s ur-
ban motorways were selected as the study area and
the reduction of discharge flow is observable in rainy
periods when compared to sunny periods. It should
not be forgotten that the reduction, which was cal-
culated in this study, is not the capacity or capacity
drop under rainy conditions, but rather the change of
discharge flow with rain precipitation and compared to
sunny conditions.

It was observed that the discharge flow rate of a
same section is not constant; it tends to change with
high standard deviations, even in sunny days. Similar-
ly, the observed discharge flows under rain were found
to be as scattered as in sunny conditions, and their
standard deviations might be even higher compared to
sunny days. Additionally, rainy discharge flow frequen-
cies are more scattered than in sunny conditions. They
are too far away to cluster within one or two groups
and have a high standard deviation.

It was revealed that the average discharge flow
reduction is very closely related to rain precipitation
during congestion. The highest average rain precipita-
tion was observed on RTMS #147, amounting to 3.55
mm/m?2/h and causing a 37% reduction in discharge
flow compared to sunny days. This relationship is ex-
plained in Equation 1, meaning that every 1.00 mm/
m2/h of rain precipitation reduces the discharge flow
by approximately 176 pcu/h/lane.

Moreover, a road section’s FFS has an influence on
discharge flows. If FFS is high, lower discharge flows
are observed. According to Equation 1, for each 1 km/h
of speed increase, FFS reduces the discharge flow by
7.97 pcu/h/lane. Additionally, the discharge flow dif-
ference between FFSs of 84 km/h and 104 km/h was
found to be 159 pcu/h/lane, according to Equation 1.
In other words, when the same amount of precipitation
occurs during congestion, discharge flow tends to be
159 pcu/h/lane higher at FFS of 84 km/h compared
to when FFS amounts to 104 km/h.

The comparison between discharge flows ob-
served during sunny and rainy days similarly revealed
a change in discharge flows. According to Equation 2,
when 2 mm/m?2/h precipitation occurred, the percent
reduction in the discharge flow amounted to 8.1% for
FFS 84 km/h, and 17.3% for FFS 104 km/h.

The practical application of rain precipitation (R)
shows how rain decreases discharge flow. Model de-
velopment could not be sufficient to provide enough
information to drivers, especially in real time, since
discharge flow is meaningless on its own. This paper
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helps to develop weather responsive traffic manage-
ment strategies for the operators. The discharge flow
determination helps to change the speed limits simul-
taneously, with variable message sign application and
to prevent the activation of bottlenecks on motorways.
Since queue discharge flow is directly related to road
section capacity, its amount obviously affects conges-
tion levels. The amount of reduction during rain may
cause longer congestion periods, with increased de-
lays. Obviously, if the discharge flow amount is well
known, more reliable traffic management strategies
can be applied.

This study is concerned with a different perspective
on analyzing discharge flows. It points out that not only
the rain impact itself but also rain precipitation during
congestion should be considered. For further studies,
road geometry (gradient, lane width, etc.), traffic flow
structure, visibility, day/night, and pavement surface
conditions can be taken into account to investigate the
effect of rain on discharge flows. In this study, as iden-
tical road geometries were present at each section,
the effect of road geometry could not be analyzed.

Future studies should also focus on capacity drop
determination under rainy and sunny conditions. Iden-
tification of its effects could be useful for the devel-
opment of traffic management strategies. Possible
effects of snow, fog and visibility, day/night difference,
and dry/wet road surface should be analyzed similarly
to obtain more comprehensible models.
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KENT iCi OTOYOLLARDA KUYRUK DAGILMA AKIMININ
YAGMUR ETKISi ALTINDA DEGISIMi

OZET

Kent ici otoyollarda, talebin kapasiteyi asmasi durumun-
da, kuyruk dagilma akimlari sikca gortlmektedir. Kuyruk
olustugunda, tikanikligin etkileri ortaya c¢ikar ve akim
asagl ybnden gecebilen tasit sayisi azalir. Bu durum, kap-
asite dususu olarak tanimlanir ve yol kapasitesi ile kuyruk
dagilma akiminin farki alinarak hesaplanir. Tikanikligin
olusmasindan sonra yasanan bu kapasite dislsd, kar ya
da sis etkisi altinda daha uzun kuyruk olusumuna ve gecik-
melere neden olmaktadir. Bu calismada, Istanbul kent ici
otoyollarinda, yagmurun kuyruk dagilma akimina etkisi
incelenerek glinesli glnlerle karsilastirmalar yapilmistir.
Ayrica, tikaniklik stresince etkiyen yagis niceliginin kuyruk
dagilma akimina etkisi incelenmistir. Dért farkll otoyol kesi-
minde yapilan ¢6ziimlemelerde, glinesli ve yagmurlu glinler
arasinda, kuyruk dagilma akiminda %37’ye varan azalmalar
belirlenmistir. Y(iksek serbest akim hizina (SAH) sahip otoyol
kesimlerinin, distk SAH’lI otoyol kesimlerine gére yagmur-

dan daha cok etkilendigi bulunmustur. Tikaniklik boyunca,
1 mm/m2/sa yagisin etkimesi durumunda, SAH’1 84 km/sa
olan otoyol kesimlerinde kuyruk dagilma akimi 1719 bo/sa/
srt olarak bulunurken, SAH’1 104 km/sa olan otoyol kesim-
lerinde bu akim 1560 bo/sa/srt olarak belirlenmistir.

ANAHTAR KELIMELER

kuyruk dagilma akimi; kapasite disdst; yagmur etkisi;
otoyol;
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