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Large-Eddy Simulations of the Effects of Roof Surface Heat Flux on
Turbulent Coherent Structure and Pollutant Dispersion
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Abstract  Turbulent coherent structures over urban surfaces are known to play important roles in turbulent momentum and
heat transfers. However, their associations with pollutant dispersion are less known, especially when urban surfaces are heated
or cooled. This study examines the effects of roof surface heat flux on turbulent coherent structures and pollutant dispersion
in and above a cubical building array using the PArallelized Large-eddy simulation Model (PALM). Three simulations
with roof surface heat fluxes of 0 (neutral), 0.1 (heating), and =0.1 K m s (cooling) are conducted. The turbulent coherent
structures in the heating and neutral simulations well develop in the horizontal and vertical directions, exhibiting large
correlations between the pedestrian level and roof level and between the roof level and above. On the other hand, in the
cooling simulation, the sizes of turbulent coherent structures are small compared to those in the heating and neutral simulations
and turbulent coherent structures exhibit no correlations between the roof level and above. To examine the effects of roof
surface heat flux on turbulent momentum, pollutant, and heat fluxes, quadrant analysis is performed at the roof level. In all three
simulations, the ejection and sweep events most frequently occur and they are accompanied by pollutant ejection and pollutant
sweep events, respectively. The frequency of warm updraft (cold updraft) events is lowest in the heating (cooling) simulation,
being associated with marginal changes in potential temperature with height below the roof level. To further examine the
effects of roof surface heat flux on turbulent flow and pollutant dispersion during strong ejection and sweep events, flushing
events and cavity eddy events are identified. During both flushing and cavity eddy events, vertical turbulent pollutant
exchanges are accompanied by stronger (weaker) vertical turbulent flows in the heating (cooling) simulation than in the neutral
simulation.
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Fig. 1. Computational domain and a building array. H repre-
sents the building height.
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Fig. 2. Spatially and temporally averaged vertical profiles of (a) streamwise velocity, (b) pollutant concentration, (c) potential
temperature, (d) resolved turbulent kinetic energy, (e) resolved vertical velocity variance, (f) resolved vertical turbulent
momentum flux, (g) resolved vertical pollutant flux, and (h) resolved vertical heat flux in the neutral (black), heating (red), and
cooling (blue) simulations. The roof level (z/H=1) is denoted by the gray horizontal line.

18.8 ug m~= UEPTE S AE tiH] 7k AddolA
o] Bt 29 S7tet W7k AddoA o] B 29 A
£ A8 1k 9E QlellA 7P FSishh (1Y 2(0)).
71 Aol A Hd 290 2/H=1.0625°14 300.45
Ko™ Yzh AdloflA X4 29+ 2/H=1.0625A
298.90 Koltk. 7+ Aol A= z/H=1.0625 9]ol|4
2317F 1kof whet ZAaste] A EtAgo] YEhd
o], Wz Aol A% 2/H =1.0625 oA 2917} 1%
of wjet F7ksto] A Qtio] yehdtt gt 7Hd
A= 218 1k v 2 ofegfellA] A tAo] 1t
e, WZF Addof| A= 28 1k HEZ ofefjol 4]

2] Bobgo] Uiehdth $U% 27]0] 4 EYAE 3

efsigeolE Bk yH=4 olslelA 37 4
o] 28] Wske b AdeA7t 32k Aol
o} F5io] 2tk o] g Aol A% T 9]
o4 3 ool ekt A% 1w 249 7t
3717k Aol o) ArhEoR W aw el
2urs] S WY, W2 SPIAE A5 T 9o

AelMEE 25 AL offjo A 1 RSk} Ara o
2 F36IH(2H 2(d). HH E 25 oH A= 7t




7 A%
07501]/‘1 e, 7}0“ A9, T4
9, ¥z 4 9.%01]*1 Z}7} 2.78, 1.56, 0.39 m? s 22 A¢
2k 2tol7k FElolet 2|5 At ofefjol| A Hogh
5 ovA= SH A diH 714 A™delA 79.6%
Ad din] BZF A™AelA 75.6%

ol
i)
>,
ool
fu)
Iz
N
N
g
i)
oot
9o o%
N
>
ool
=
o)
re

uiel}
=
o)
ko
=y
ol
o,
o
w o T N

>
e}
2
R
El( Mo O{N -]>1‘
T =
T ool > odh
r

r
du
o
Of
ot

>
&
o
7
mE foh
fuf
> %@ o

T

B
Jn o lo

=)

Jo

MHo

fore lo

>,
ol
[> gl
a,
fu
>
i
e
e
[
o
~
iy i

{o%r
e

ox L Y

u
N,
rir
N
ne
>
oot
ofy
o
i1t
ju]
)
fr g & Mk du S o

rr
N
N

jul
=
=)
g

(25 2(). ]

4

Mo
o
o
7]5‘0:14
£ oog b
o

du ofy &
(o]

N o
>,
2o
")
it r_‘;
Mo

i,
re

2

2

7
e}
o |o
=

r
du
Ho

Of

ol ]

P

1o
=)
=
&
B
=
olt
el
ok
2

I

-
T oF
=

Fefell A vrehdeh
Aol BT 3R
ura}uruq A 27)1& 25 15 oo A Lrer

2g). 9 PR 0GB Bl 3]

;

N
~
[}

o B A%
5 2984 Beal 4

r nSL
I:I

/\

Borr ot o e X o J
L HU ) 0

ok o
)
et UE
ool
o H
RN
Az&
& ruh
2l
r é
1 x
fo
e L
o
o
g ;ru
1% Jo
>
ol
ol
i)
I,

o ol

N,
rlr 4
>
]
=2,
o)
o
o
2
rII
2
o |o
fu
n)
AL
ik
N
e >
>
ol

du ofx

o o
S et

o X
r

)
o
=

S~
< 32 o
0ofo g oo oot
wa
1)
lo
of ra |»
iy
ol
)
o,
o3l
ﬂv‘
L)
2
R
2 ofr

A

£
_0,

lo FIF e

Ea
Me AE Ik O}Eﬁoﬂ/ﬂ St A
UrE}UrU% Bzt Adellde
S Al flofA stbe® yehd (I
2(h)). g Y20l A=
ANAE 712 Aol Mot ¥zt A
o 2 1, AE Ak flollde 3 Ao En
7t AgollA] A¥tAo g § At ol 2§ Ik
oM 7ra Aol A7t 2 A= e H717}

A

-ﬁém\ilﬂ%r&é

O
O

Oﬂ}\ g

pa}
o
N 099

rf
o ~
:1m

)
)
m>~

2 QHSA 20| 0|Xl= E2tof tist 2 oc| 29 347
2eHgste] dRel ogt 4 o |A] wete] o s
T, A% = BhE ofefel it W2k AgAt 7t
A

delolqEE t7)17F 2tds) o
A wgho] o EEsh] wZolrt,

ol oz @ ol

(z/H= 2)011/‘14 gshe x ek &k |ARY] g &
ZE BojErh x U &% WAk z
T WAR Uiro] Asketatt 19 1
mpgtd o 2 et 9L st ghol 22t
& -1 016}01 03042 om|gitt. S A4 A
To Ao x | =
o, F£= x Hﬁkﬂi AA gt E7E FEH
F IF FE27F HERTHILE 3(a), 3(b)<} 3(c)).
A 712 B B v e %XMVH xYF LT H
2ot 2 Aol A 9] x W LI WAL, 21 ko
A9] x W £ WApe} o% VoA x WEF &
T WA} 7R] moj& A Alge 242 043, 0492 F
AH o g2 {5ttt (p<0.01).

7t oAM= FH AP olA et vlsoH x Wk
&5 \ARO] BTt Al Aol A FAFsHH, =2 x B
Fo g de R 1§ 27 vEhdthH(E 3(d),
3(e)2t 3(f)). 7HE ARolA 4 7|7 FtF B3zt
&AM 9] x W £ WA} AF Aol A2 x
T &5 WAL Al DEoA 9] x W &= WApet
‘45 kol Ae x ek £ WA} 7he] mloj Ak
|=E ZH2ZF 0.43, 0412 SAH o2 Folsttt (p<
0.01). Y7+ AdofA HaPaf 1 LA oA} 25 1L
Lo Ao x W & WP —Er = 98 S B
olH (Z19 3(g)2t 3(h)), &A1 71X Bt & ALEofA
O x ek £ WA} 7He] nMé A ASE 0342
SAACE Fosht(p<o0.01) TH A 2 7t A
FoflAol] vl o Yot §i AFg 1ol A 9] x Bk
£ WA BRE Bz 1k 24 9 25 oA

o =& ot=2m (29 3(), B4 7|17 Bt A=

)

J. Korean Soc. Atmos. Environ., Vol. 41, No. 2, April 2025, pp. 343-359



(a) neutral, 0.0625H

(b) neutral, H

(¢) neutral, 2H

y/H
o
N
[

(o]

IS

i S~y j“ -
e
o ) *_-!'l“‘. i
Y~ < -
L T R R ’:ﬁ

Vel 3

o

y/H
5
(o] N
1

I

gaalgaa g

saalaaalaaa)aagplyag

X/H

12 16 20

x/H X/H

Fig. 3. Fields of normalized streamwise velocity deviation at z/H=(a, d, g) 0.0625, (b, e, h) 1, and (c, f, i) 2 at t=7200 s in the
(a, b, ¢) neutral, (d, e, f) heating, and (g, h, i) cooling simulations. The normalized streamwise velocity deviations larger than 1
and smaller than -1 are indicated by the red and blue shaded areas, respectively.

Lol x B S MAeH A4S LEolH ] x

o S5 WA 719] Tole AT A

o] 2 LheRA] Qpth w5 1§
=

0.130.2 Art
Ao A A5

DEO GF VG FZ0] A7) thE T A A

ul&) F2lo] 2tk wetq ol

Bzh=o] 77} sl A% A - kel R Al

g A¥te A EHol

o

9

T2 7 Qo] S Wolxl S ojnlai,

Al AE 7H R 14 729 ZolE o A8 vl
o

s

I

rr H
e

o 4
rr
N
u
oX
otk
.

0
o P o
|o

_!?—r
27 260149 ATkt 2ol
7 SAFE HolET B 58
271G Aol 4 2ok §2t 4
Foi, ol 1 2()ellH ] Aot

=
o]
=
A7} 7k AgelA BT 42 9] 1

Mo
>

T

H1

et
o 2 o

iU

> 19
[e]

ol
)
>
Juj

_>F_.._V,‘.4_>“_,r_>io$
N

H
)
7

2




Rig BY ¥ BAATL LR 19 75 U QBB 24| ojxl= S1i0] tiEt 2 o] 29 349

(a) neutral

Ze—y | I
s -4
% e

\

’

’
e

z/H

z/H

z/H

y/H

Fig. 4. Fields of normalized streamwise velocity deviation and velocity deviation vector at x/H=10 at t=7200 s in the (a) neu-
tral, (b) heating, and (c) cooling simulations. The roof level (zZH=1) is denoted by the green horizontal line. The normalized
streamwise velocity deviations larger than 1 and smaller than —1 are indicated by the red and blue shaded areas, respectively.

o)

ghupet o] S At 7HE Al
of vl - st5-2] 7
o7 Hog HoErh
Lehd Al ddollA o] i
T 4)2 thE AZI AL fASHA LERd

e A 2H @ S0 -5k

0_>|:4 OE

N

N

o X
D )

L
m =
2

w0

g,

Lo e x
A 2N

oX,

[

o

o

Sodu e

lo o
roRorR
Lo do o,

=
o

0,

rr

oo
rJ
i,
ol
2
HL
k5
o flo
HT o

%

% BR o 2l 3
o5 0 AR, A oA BE) Bl AL AL
zA817] Slst

=

H

[e]
"2 w), L9=E F

h)ell vebd 2484 b2 247 Ju'w'l =1m? s,
[cw'l=2pgm™?s, [0'w|=0.1Kms? 5242 2
iy

T o] W (o, p)oll thote] AdetEd e
T T 2ol Altstainh

2

s (ai, b.)=P(ai —05Aa<a < a,+0.5Aa,

J

b,—0.5Ab<B < b, +0.5Ab) (1)

714 a2k by 217 @] A F7ke] Falzkal pol
A 7210] FUZES, Aac} AbE 212 a2 o] T
YH|E ojujgith & AelA= o), ¢, 0, w= HH|7}
7¥7F0.25m s, 0.5 ug m™>, 0.025K, 0.25 m 5721 4074

J. Korean Soc. Atmos. Environ., Vol. 41, No. 2, April 2025, pp. 343-359



oy
ofn
ﬂ
ol
i3
B>
1
oy
4
Ofol
0x
i
1=
opt
A

(a) neutral, (u’, w')
0

(b) neutral, (¢, w')

2.5 :

w' (ms™1)

—2.54

-5.0 T T

0.2 04 06 08

(%)

(c) heating, (u’, w’)

(d) heating, (c’, w')

(e) heating, (6', w')

5.0

2.59 Hi 3

w' (ms™1)

—2.54 VS 3

i
i
i
R
AR
\
\

-5.0 T T

5.0

(h) cooling, (6", w’)

2.51 AR 7]

0.0

w' (ms™1)
HI
i
HH
i
0
HR
HE
Js
i L
N /
vl
V1
Vi
HH
1

—2.54 \v! -4

(g) cooling, (¢, w')

|/ \
S \
\

.0 T T
-5.0-25 0.0 25 5.0
u' (ms™t)

-10

-5
' (ug m=3)

-0.5-025 0.0 0.25 0.5
8" (K)

0 5 10

Fig. 5. Fields of joint probability density function of (a, ¢, f) u’ and w’, (b, d, g) ¢’ and w’, and (e, h) 8 and w’ at z/H=1 in the

(a, b) neutral, (c, d, e) heating, and (f, g, h) cooling simulations. The isolines of [u'w’| =1m? 5™, |c'w/| =2 ug m™2

s, and |o'W'|=

0.1Km s are indicated by the dashed linesin (a, ¢, f), (b, d, g), and (e, h), respectively.

O] Fto & o] AtEHE U oS Altelqith
w¥ wo] AgEhE U e R A= AlIAHEH

2 9 AT 2AE (outward interaction), A2AREHS
EZ (ejection), ABAHEAS W AT 2HE (inward
interaction), A4AFEHE £7] (sweep) = 751, ¢’
T w'e] AFSEDER0] RAA = AlIAREH

2 0PEY 25 AARES 0GB AF FEA

&, ABAMEHE QHEE £7], S LH9E
A Wk ASARg o 2 B2sIth(Kim ef al., 2023; Li et
al., 2016). 0’7t w'e] AALEY L0 HA A=

ANAFEHS 24 445 (warm updraft), ARAFEH-S
Y A% (cold updraft), A3AFEHS $H=Y 51 (cold
downdraft), A4AFEH-E 2% 517} (warm downdraft)

Z:
=2 o

T} (Chowdhuri et al., 2020).
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Al vefhs A3t grdo] Qo1 29t 4). 3 7H
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B7ZF ARdoflA] o] B ¥ 9= U] F AdolA
of vlaf o W2 ¥, wol £ el o SrhH(1d
5(g)). §ZF ARolA] o] B2 HevL of A e

—_

R

U QYIS A S0 njAl Ealof thet 2 ofc) 2o 351

AL i 250] B ofHA UE LHEE T
st 75t mete] itk Wzt A
Aot 25 S Wl (27.7, 26.5%)7F
St sh4e] W1 (20.2, 24.2%) X o} =t
A Ao W2 Hlk= 7t Ao

FAFSHA 216 L5 b= ofgfjof| 4 9] 2917} A&
NofAe] 29ut Myt oz o =2 Ay WA
o] 2tk [o'w'|©] 0.1 K m s™'5 ZIsH= 24 51749
HIEE 5.7%%] BHE, [0'w'[©] 0.1 K m 575 Z76h=
el Ao 7o IAYSHA] F=TH(0.3%).

19 6(a, b, )= TH Al t=72002L mf A
B IZoA 9] AF3HE sgn(w') X max(0, —u'w’),
sgn(w’) X max(0, c'w’), sgn(w’) X max(0, 8'w’)] 473

BE1EE HoF sgn(w') X max(0,—u'w’), sgn(w’) X

lo rr
re
o
oM,
H
)
OIN ol

=
o
w1 O
g
e

max(0, c'w'), sgn(w’) X max(0, 0'w')= 2tz w'e] B&

o} 515F R 25 YA 9719 F, wol Boe}
AF Ui QA 29 97)9 F, wo] BEe}
A dF @ B4 3719 F& ofvlstH, 4 &
3 £7], QAEA EET &7, 24 A5t 2
o17Fo] A E Yepditt. o] 52 44 47 2 5H 2
YA BF A\ G 09EE YA BE HAL W
7 4 294 B5E 1R Yol Atsteielth 11
6(a, b)ollA 7o 2 vepdt of o2 Aste
o] +10]4%l JHog 747t BE QAT HEol
735t 99 ouloty mEh o R veht o9
T8k ghol -1 oJsiel P oz 77t £7], L HEA
£717} 7et 49E olujgict. T AglA At &
Zo] YelhE 99 et 0 @84 EEo| Yt
+ 991} A= dA5hH, et &717F e 9
A2 et LAEA 2717 YEitE 993 diA=
A2 (1 6(a)2t 6(b)). BA 7|7t BoF Bzt
QAEHY HE, £7]9 QIEH £7] 7o mol& A
7 AlGL Z2F 0.63, 0.800. 2 75 AFAIS Hoo
AR folsitt (p<0.01). ol FH Aol
H A 2|y @AY ¥V Ao, Hlud w2
2 RS BV s oulsitt S A A
% 0'0] 0Kol7] wjEol 21 A5} gkl s17fo] ver

J. Korean Soc. Atmos. Environ., Vol. 41, No. 2, April 2025, pp. 343-359



352

oy
ofn
ﬂ
ro
i3
H>
=
N
R
Ofo
0x
i
1=
op
gal

(b) neutral, (c'sw'y, c’-w'-)

(c) neutral, (8'sw'4, 8'-w'-)

Y KEN D

ppalyaalaaa sl

0 Jerer e

(d) heating, (U’ w'-, u’-w';)

(f) heating, (0"+w's, 6'-w'-)

b «\\ ‘T"J\

. =0 = e
- r—& AN <
ol o ELE ENE EL R
N P X |
= o ; =
d Wi, N o P

A < G e s
~‘.\3s.-a\,\ P
B

NN EEUE TR R S
o e g

s

3

(g) cooling, (u'sw'-, U’-w';)

(h) cooling, (c'+w's, C'-w'-)

(i) cooling, (8"+w'-, ©"-w',)

0 FrrFrrrre R T
0 4 8 12 16 20 O 4 8 12 16 20 O 4 8 12 16 20
Xx/H X/H X/H
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