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ABSTRACT 

Empi r i ca l l y  based p re l im inary  p r e d i c t i o n  
algori thms were r e c e n t l y  developed f o r  d i f f e r e n t  
a t r ium types under various d i f f u s e  sky 
condit ions. I n  the case o f  top l igh ted  atriums, 
these algori thms were developed t o  p r e d i c t  l i g h t  
l eve ls  on the  hor i zon ta l  f l o o r  and on the  
v e r t i c a l  wa l l  surfaces o f  the atr ium. However, 
the actual  b u i l d i n g  atriums measured t o  assess 
these algori thms i n  a  f u l l - s c a l e  s e t t i n g  were 
four  s t o r i e s  h igh o r  lower. 

This study presents an i n v e s t i g a t i o n  o f  the 
v a l i d i t y  o f  the developed algori thms using . 
f u l l  -scale measurements i n  two four-s ided 
top l igh ted  atr iums 11 and 14 s t o r i e s  h igh  
respec t i ve ly .  The measurements were made over 
several days i n  the two la rge  atr iums o f  the 
Anatole Hotel i n  Dal las, Texas. These data are 
compared w i t h  the a lgor i thm pred ic t ions ,  and the 
usefulness o f  the p r e d i c t i o n  models i s  discussed. 

INTRODUCTION 

GENERAL STATEMENT OF THE PROBLEM 

The incorporat ion o f  atr iums i n  bu i ld ings  i s  
increasing f o r  several reasons. Atriums can form 
b u f f e r  zones between the i n t e r i o r  and e x t e r i o r  
cl imate, thus p rov id ing  a  temperate and 
comfortable t r a n s i t i o n  space. Moreover, besides 
the soc ia l  and aes the t i c  advantages, atr iums can 
be designed t o  accept na tu ra l  l i g h t  and 
d i s t r i b u t e  it t o  adjacent spaces. This use o f  
na tu ra l  l i g h t  can reduce the e l e c t r i c  load due t o  
a r t i f i c i a l  l i g h t i n g  and the heat generated by 
such l i g h t i n g .  Therefore, the  need t o  understand 
day l igh t  d i s t r i b u t i o n  throughout an at r ium space 
i s  essent ia l  t o  produce good designs. 

Simp1 i f i e d  d a y l i g h t  p r e d i c t i o n  a lgor i thms f o r  
p re l im inary  design o f  top1 ighted atr iums under 
overcast and c lear  d i f f u s e  skies have been 
developed as p a r t  o f  a  la rger  study (1-2). These 
algori thms were developed t o  p r e d i c t  l i g h t  l e v e l s  
on the hor i zon ta l  f l o o r  on the  v e r t i c a l  wa l l  
surfaces o f  the atrium. However, the actual  
b u i l d i n g  atr iums measured t o  assess these 
algori thms i n  a  f u l l - s c a l e  s e t t i n g  were no t  more 
than four  s t o r i e s  high o r  lower. 

SPECIFIC OBJECTIVES 

The object ives o f  t h i s  i n v e s t i g a t i o n  are as 
fo l lows:  

Examine d a y l i g h t  d i s t r i b u t i o n  i n  two case 
study atr iums i n c l u d i n g  analyses o f  the  
e f f e c t i v e  t ransmi t tance o f  each o f  the 
r o o f  cover systems, 
evaluate br ightness r a t i o s ,  g l a r e  
p o t e n t i a l ,  and p rov ide  sub jec t i ve  
assessments o f  the  o v e r a l l  q u a l i t y  of the 
d a y l i g h t i n g  provided, and 
examine the degree o f  f i t  o f  day l igh t  
d i s t r i b u t i o n  data i n  the  case study 
atr iums under d i f f e r e n t  sky condi t ions 
w i t h  the s i m p l i f i e d  p re l im inary  
p r e d i c t i o n  algori thms, and evaluate the 
usefulness o f  the  algori thms. 

This study i s  l i m i t e d  t o  two atr iums i n  one 
b u i l d i n g  i n  Dal las, w i t h  measurements made a t  
mid-day on two days i n  February and one day i n  
A p r i l  1988. During the  f i r s t  per iod sk ies were 
overcast w i t h  no sun, and i n  A p r i l  the sky was 
c lear  w i t h  sun, when c l e a r  d i f f u s e  measurements 
were made. 

ALGORITHMS FOR PRELIMINARY DESIGN 

Algori thms f o r  day1 i g h t  i l l u m i n a t i o n  and 
energy performance have r e c e n t l y  been developed 
f o r  atr iums i n  bu i ld ings  w i t h  support from the  
Nat ional  Science Foundation.(2) Appropriate 
a lgor i thms were establ ished us ing a  se r ies  o f  
gener ic  sca le  models i n  a  l a r g e  sky s imulator  
f a c i l i t y . ( 3 )  To examine t h e  ef fect iveness o f  the 
p r e d i c t i v e  algori thms, measurements were made i n  
e i g h t  Texas bu i ld ings (4 )  and computer s imulat ions 
o f  those case studies were a l s o  developed. (5) I n  
general,  the a lgor i thms have proved t o  be q u i t e  
usefu l  f o r  the s p e c i f i c  cases examined. 

The s p e c i f i c  a lgor i thms t o  be f u r t h e r  
examined w i t h  case study comparisons i n  the  
present work are f o r  t a l l  atr iums w i t h  
t o p l i g h t i n g  only. Low l e v e l  t o p l i g h t e d  
s t ruc tu res  were p rev ious ly  examined f o r  l i n e a r  
atriums. (1) The a t r ium day l i g h t  models are 
b a s i c a l l y  developed f o r  d i f f u s e  sky condi t ion,  
two a t r ium p lan shapes, and two pos i t i ons  w i t h i n  
each at r ium fo r  the noon t ime period. For the 
basic models, an open t o p  cond i t i on  ( e f f e c t i v e  
t ransmi t tance o f  a t r ium cover T =loo%), 
i n t e r i o r  re f lec tances  o f  302, ahd simple 
r e c t i l i n e a r  volumes are assumed. The Dayl ight  
Factor (Y) and Well Index ( X )  a re  t h e  met r i cs  
which are r e l a t e d  i n  each a lgor i thm. The Well 
Index i s  def ined as : 
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V e l l  h e i g h t  ( w e l l  w i d t h  + w e l l  l eng th )  = 
2* we71 w i d t h  * w e l l  l eng th  ( 1  

For overcast  and c l e a r  d i f f u s e  sky 
cond i t i ons ,  on the  a t r i u m  f l o o r  f o r  square and 
r e c t i l i n e a r  p lans,  

on t h e  a t r i u m  w a l l s  f o r  square p lans,  

and on the  a t r i u m  w a l l s  f o r  r e c t i l i n e a r  
p lans ,  

Y = Tc 17 X -0'59 (4)  

DESCRIPTION OF 11- AND 14-STORY ATRIUMS 

The h o t e l  u t i l i z e d  f o r  t h i s  case s tudy 
con ta ins  two l a r g e  t o p l i g h t e d  f o u r - s i d e d  a t r iums.  
They serve as s i t t i n g  areas and c i r c u l a t i o n  
spaces around which a re  l oca ted  meet ing  rooms and 

comnercial  spaces such as r e s t a u r a n t s ,  bars ,  and 
r e t a i l  shops. The o l d e r  14 -s to ry  a t r i u m  shown i n  
f i g u r e  1 i s  177 f t  (53m) h i g h  and has a  130 x 130 
f t  (39 x 39m) square base. The newer 11 -s to ry  
a t r i u m  shown i n  f i g u r e  2  i s  140 ft (42m) h i g h  and 
has a  130 x 240 f t  (39 x 72m) r e c t a n g u l a r  base. 
On most o f  t h e  f l o o r s  su r round ing  b o t h  a t r i ums ,  
c o r r i d o r s  open t o  each a t r i u m  serve the h o t e l  
guest rooms and meet ing  rooms. The s k y l i g h t  
system on the square 14 -s to ry  a t r i u m  c o n s i s t s  o f  
a  s o l a r  bronze t i n t e d  g l a s s  pyramid  c u t  f l a t  a t  
t h e  t o p  w i t h  an opaque su r faced  r o o f  which i s  
es t ima ted  t o  be about 200 ft (60m) h i g h  as shown 
on t h e  c ross -sec t i on  on F igu re  3; t he  
cor respond ing p l a n  i s  shown on f i g u r e  4. The 
sky1 i g h t  system over t he  11 -s to ry  r e c t a n g u l a r  
a t r i u m  c o n s i s t s  of two such pyramids separa ted by 
a  low opaque f l a t  r o o f  surface a t  t h e  c e n t e r  as 
shown on F igu re  5; t he  cor respond ing p l a n  i s  
shown on f i g u r e  4. 

The measured e f f e c t i v e  l i g h t  t r a n s m i s s i v i t y  
of t h e  s k y l i g h t  system i s  20.2% even though t h e  
g lass  manu fac tu re r ' s  da ta  i n d i c a t e s  a  l i g h t  
t r a n s m i s s i v i t y  f o r  t h e  t i n t e d  g l a s s  o f  52%. The 
d i f f e r e n c e  between the  two values i s  presumed t o  

F ig .  1 Photo o f  Square A t r i um of 14-Story B u i l d i n g  F ig .  2  Photo o f  Rectangular A t r i um o f  11-Story 
B u i l d i n g  
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Flg. 3  Cross-Section o f  Square Atr ium Looking 
North, Showlng I l luminances Normal t o  Walls 
and Floor  

Flg. 4  F loor  Plan o f  the Two Atriums w i t h  
I l l u m i n a t i o n  Readings Normal t o  the F loor  

be due t o  the s t r u c t u r a l  framing system as we l l  
as t o  the maintenance fac to r .  I n  addi t ion,  f o r  
the rectangular  a t r ium the  low f l a t  opaque r o o f  
a t  the  center I s  be l ieved t o  f u r t h e r  reduce the 
effective transmittance even below the 20.2% 
value ind lcated.  

The I n t e r i o r  re f lectences f o r  both atr iums 
were s i m i l a r  and are estimated t o  be about 25% 
f o r  the 1 ight -co lored marble f l o o r i n g ,  about 5% 
f o r  the I n l a i d  b r i ck  f l oo r ing ,  5% f o r  the p lants ,  
and 16% f o r  the surrounding br ick- faced columns. 
The re f lec tance  o f  the predominant hor i zon ta l  

0 10 10 10 

Fig. 5  Longi tud ina l  Sect ion o f  Rectangular Atr ium 
Looking North, Showing I 1  1 uminances Normal 
t o  Walls and Floor  

bands o f  w a i l  mate r ia l  i s  about 30%, w i t h  the 
open-sided perimeter c o r r i d o r s  r e f l e c t i n g  very 
l i t t l e  l i g h t  back i n t o  the atr ium. The 
rectangular  a t r ium conta ins a number o f  overhead 
d a y l i g h t  f i l t e r i n g  features, Inc lud ing  la rge  
trees, modular canvas canopies, a  s i x -s to ry  
aluminum sculpture, and f i v e  enormous hanging 
b a t i k  banners ranging from seven t o  eleven 
s t o r i e s  i n  he ight .  

DATA COLLECTION AND ANALYSIS 

The measurements o f  the i l l u m i n a t i o n  l e v e l s  
were taken on January 31, and February 1, around 
noon equinox t ime w i t h  an overcast sky and on the 
A p r i l  12 w i t h  a c l e a r  sky. A spot br ightness and 
i l luminance meter were used t o  measure the 
e x t e r i o r  i l l u m i n a t i o n  l e v e l s  on these three days. 
The readings are repor ted i n  t a b l e  1. To 
est imate the average o f  e x t e r i o r  i l l u m i n a t i o n  
levels ,  the median was considered f o r  the 
readings taken on February 1, and A p r i l  12. 
However, due t o  the lack o f  a  la rge  number of 
readings taken on January 31, the mean average i s  
assumed t o  be more appropr ia te since the median 
value was c lose t o  the maximum value f o r  t h a t  
p a r t i c u l a r  se t  o f  readings. 

On the two days w i t h  overcast skles the 
i n t e r i o r  i l l u m i n a t i o n  readings were taken us ing 
two handheld i l luminance meters w i t h  remote 
probe. The readings were taken t o  est imate the 
i n t e r i o r  re f lectances and t h e  d a y l i g h t  
d i s t r i b u t i o n  on every other  f l o o r  on the median 
l i n e  o f  the  fou r  wa l l s  o f  both atriums. These 
readings are depic ted i n  f i gu res  3-5. The 
d a y l i g h t  fac to rs  f o r  the  overcast sky cond i t i on  
were computed using the data se t  o f  the 
measurements taken on February 1 when the median 
e x t e r l o r  i l l u m i n a t i o n  was 1742 footcandles. 

On A p r i l  12 w i t h  a c l e a r  sky readings o f  the 
d i f f u s e d  d a y l i g h t  were taken us ing a simple 
pocket s i ze  i l luminance meter. I n  the presence o f  
many patches, d i f f u s e d  i l l u m i n a t i o n  was taken by 
s h i e l d i n g  the photo c e l l  o f  the l i g h t  meter from 
the d i r e c t  beams w i t h  an opaque p iece o f  
cardboard he ld  a t  arm's length. The median 
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31 Jan 88 
Overcast 

T m e  I l lum.  
( f c )  

2:OO 2240 

2:30 2170 

2:45 1184 

Mean = 1865 

Median = 2170 

1 Feb 88 
Overcast 

Time I l l um.  
( f c )  

Mean = 1835 

Median = 1742 

12 Apr 88 
Clear wlo Sun 

'Time I l l u m .  
( f c l  

12:15 1400 

12:35 1425 

12:50 1450 

1:20 1400 

1:45 1400 

Mean = 1415 

Median = 1425 

Table 1. Ex te r io r  I 1  luminat ion Readings 

reading o f  the d i f f u s e  e x t e r i o r  i l l u m i n a t i o n  
leve l  was 1425 footcandles. 

Errors  are expected i n  the data because three 
d i f f e r e n t  types o f  l i g h t  meters were u t i l i z e d  and 
several people took the measurements. The 
d i f fe rence  i n  i l l u m i n a t i o n  readings are shown i n  
t a b l e  2 which shows there  i s  a s t rong c o r r e l a t i o n  
i n  the readings between the spot br ightness 
i l luminance meter and the i l luminance meter w i t h  
remote probes. The pocket s i ze  i l luminance meter 
presents a d i f fe rence  i n  the readings t h a t  
reaches up t o  40% i n  indoor condit ions. 

COMPARISON WITH ALGORITHMS PREDICT1 ONS 

The algori thms developed t o  p r e d i c t  da l i g h t  
d i s t r i b u t i o n  i n  the center of a h o r i z o n t a r p l a n e  
a t  d i f f e r e n t  heights o f  a top l igh ted  at r ium as 
w e l l  as on the median l i n e  on the  v e r t i c a l  wa l l s  
show a mathematical r e l a t i o n s h i p  between the 
day l igh t  fac to r  and the we l l  index. The day l igh t  
factors, being the percentage o f  i n t e r i o r  
i l l u m i n a t i o n  reading t o  the e x t e r i o r  ho r i zon ta l  
reading have been p l o t t e d  against the w e l l  
indexes corresponding t o  the d i f f e r e n t  po in ts  
where the measurements were taken. 

For the  14-story atrium, the p r e d i c t i o n  l i n e  
was p l o t t e d  tak ing  i n t o  account a l i g h t  
t ransmiss iv i t y  o f  20.2% o f  the s k y l i g h t  system. 
On both overcast sky cond i t i on  and d i f f u s e d  l i g h t  
on a c lear  day, the p l o t t e d  data from the 
readings on v e r t i c a l  w a l l s  show a close 
re1 at ionship between the p r e d i c t i o n  1 i n e  and the 
measured data as depicted i n  f i gu res  6-7. A 
chi-square goodness-of-f i t  determines w i t h  a t  
l eas t  a 95% accuracy, t h a t  there i s  no 

I l luminance Meter Brightness- Pocket Size 
w l  Remote Probe I l luminance I 1  1 uminance 

Meter Meter 
( f c  lux )  ( fc lux )  ( f c  lux )  

Table 2. Readlngs o f  I l l u m l n a t i o n  Levels Under 
the Same L i g h t i n g  Condi t ion Using the  3 
L i g h t  Meters (Source Ref. 4) 

s i g n i f i c a n t  evidence t h a t  the  data do no t  f i t  the  
p r e d i c t i o n  model. S im i la r l y ,  the p l o t t e d  data 
from the  readings normal t o  the f l o o r  a t  the  
center o f  the 14-story a t r ium show a s t rong 
r e l a t i o n s h i p  between the p r e d i c t i o n  curve and the 
measured data as shown i n  f i g u r e  8. Even though 
the number of data i s  small, the chi-square 
goodness o f  f it show w i t h  a 95% accuracy t h a t  
there i s  no evidence t h a t  the data do not  f i t  the 
p r e d i c t i o n  model. 

For the  11-story rectangular  shape atrium, i t  
has been mentioned prev ious ly  t h a t  the l i g h t  
t r a n s m i s s i v i t y  o f  t h e  s k y l i g h t  system may be much 
lower than 20.2% measured i n  the 14-story atrium. 
I t s  double pyramid s k y l i g h t  conta ins more opaque 
surfaces under which there  are several ob jects  
hanging throughout the la rge  atr ium. It i s  
be l ieved t h a t  these two f a c t o r s  decrease the 
t ransmiss iv i t y  o f  the sky 1 i g h t  system 
s i g n i f i c a n t l y ,  perhaps t o  15%. The p l o t t e d  
day l igh t  fac to rs  f o r  the  v e r t i c a l  readings 
( f i g u r e  9) as we1 1 as hor i zon ta l  readings 
( f i g u r e  8) show t h a t  the data do not  f i t  the  
model w i t h  a l i g h t  t r a n s m i s s i v i t y  o f  20.2%. bu t  
there i s  a h igh  leve l  o f  confidence (95% a t  
leas t )  t h a t  the re  i s  no s i g n i f i c a n t  evidence o f  
r e j e c t i n g  the model when the  p r e d i c t i n g  curve has 
a 15% t ransmiss iv i t y .  

Figure 8 ind ica tes  t h a t  the d a y l i g h t  factors  , 

measured a t  the center o f  the la rge  rectangular  
base a t r ium are lower than those f o r  the  14-story 
atrium. The measurements were taken i n  the center 
o f  the rectangular  shape at r ium between two 
modular canvas canopies and several trees. As a 
r e s u l t  the i l l u m i n a t i o n  l e v e l  and the g l a r e  leve l  
were reduced considerably. 

ASSESSMENT OF ALGORITHMS 

The goodness-of-f i t  t e s t s  performed show the 
lack o f  evidence t h a t  the  measured data do no t  

305 
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x East E levat ion 
O Nest Elevat ion 
A South Elevat ion 

100% Trans. 

A 8 Trans. 

0.5 1.0 2.0 

WELL INDEX 

Fig. 6 Dayl ight  D i s t r i b u t i o n  Normal t o  the Wall 
o f  the 14 Story Topl ighted Atr ium Under 
Overcast Sky Condit ions 

x Average Reading, 
@ Reading I n  The Center 

verage Reading, 

100% Trans. 

~ = 1 1 7 e - ~ '  

WELL INDEX 

Fig. 8 Dayl ight  D i s t r i b u t i o n  Normal t o  the F loor  
a t  the Center o f  14 and 11 Story 
Topl ighted Atriums 

f i t  the p r e d i c t i o n  curves. These a lgor i thms were 
tested p rev ious ly  i n  a f u l l  sca le 4-story 
bu i ld ings  and i n  t h i s  p r o j e c t  against  11- and 
14-story atr iums a t  the  Anatole Hote l  i n  Dal las. 
Both studies demonstrate the v a l i d i t y  o f  t h e  
models . 

Moreover, these models show t h a t  the  
fenes t ra t ion  system and the geometry o f  the 
top l igh ted  a t r ium a f f e c t  considerably the 

n East E leva t ion  
@ West Elevat ion 
A South Elevat ion 

Nor th Elevat ion 

0.5 1.0 1.5 2.0 

WELL INDEX 

Fig. 7 D i f fused  Day l igh t  ~ i s t r - i b u t i o n  Normal t o  
the Wall o f  the 14 Story Topl ighted Atr ium 
Under Clear Sky Condi t ion 

a East E leva t ion  
o West E leva t ion  

WELL INDEX 

Fig. 9 Day l igh t  D i s t r i b u t i o n  Normal t o  the  Wall 
o f  the  11 Story Topl ighted Atr ium Under 
Overcast Sky Condit ions 

d a y l i g h t  d i s t r i b u t i o n .  On t h e  other  hand, other 
f a c t o r s  such as p lants .  hangings and d i r t  on the  
s k y l i g h t  system have t h e  p o t e n t i a l  t o  a f f e c t  the 
d a y l i g h t  d i s t r i b u t i o n  as we l l .  However. even 
though they a re  n o t  always easy t o  quan t i f y ,  
designers o f  such spaces should be aware o f  t h e i r  
p o t e n t i a l  e f f e c t .  These a lgor i thms have taken 
i n t o  account only the Well Index as the unique 
and primary v a r i a b l e  i n  the at r ium. There are 
other  var iab les such as the i n t e r i o r  
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ref lectances, the s k y l i g h t  area and type which 
can a f f e c t  the day l igh t  d i s t r i b u t i o n .  Therefore, 
these algori thms need f u r t h e r  developments. 
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