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Disclaimer and Government License

This work has been authored by Midwest Research Institute (MRI) under Contract No. DE-
AC36-99G010337 with the U.S. Department of Energy (the “DOE”). The United States
Government (the “Government”) retains and the publisher, by accepting the work for
publication, acknowledges that the Government retains a non-exclusive, paid-up,
irrevocable, worldwide license to publish or reproduce the published form of this work, or
allow others to do so, for Government purposes.

Neither MRI, the DOE, the Government, nor any other agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any liability or
responsibility for the accuracy, completeness, or usefulness of any information, apparatus,
product, or process disclosed, or represents that its use would not infringe any privately
owned rights. Reference herein to any specific commercial product, process, or service by
trade name, trademark, manufacturer, or otherwise does not constitute or imply its
endorsement, recommendation, or favoring by the Government or any agency thereof. The
views and opinions of the authors and/or presenters expressed herein do not necessarily
state or reflect those of MRI, the DOE, the Government, or any agency thereof.
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Bird’s Clear Sky Model

EE“ ﬂ TR=761

Table 2-6. EQUATIONS FOR TOTAL DOWNWARD IRRADIANCE FOR THE BIRD MODEL

Equaticns
Iy =1, (cos T} (0.9662) TpT, TyyT, Ty
Igg = I, (cos ) (0.79) T, T, TyyTay
[0.5 (1 - Tp) + B, (1 - Tugtl/11 - w+ ()1-92

Ip = (Ig+ T 201 - LY

Transmiasion Equatlons

Ty = exp [— 0.0903 {H'jo'gd‘“ + H'. - (H'}l'ﬂll}

T, =1-0.1611 X, (1 + 139,48 x_)~0-3033
= 0.002715 Ku (1 + 0.044 }{U + 0.0003 ]{02]-1

Kﬂ =U¢H

= exp [-0.0127 (u")0+26)

T, =1 - 2.4959 X, [(1 + 79,036 x)0-%828 4 6,385 x |71
X, = UM

T, = exp [- 'r',‘n“!;]r3 (1 +1

07088 ,,0.9108

T, = 0.2758 Ty,0.38 + 0,35 Ta,0.5

T =1-%0-u+ul0ha -,

Tas = Ta'Taa
T, = 0.0685 + (1 - B )(1.0 - T__)
M = [cos Z + 0.15(93.885 - z)71-2371

M = MP/1013




8760 Hour Clear Sky Profile
(Climatological Aerosol, Water, Ozone)

and Real Data
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The (Long Standing) Problem--Clouds

Cloud Type?

) Empirical:
Layers: Measured solar
Height? data and cloud
Thick . information

ickness®
Density? Stochastic:
Distribution? Need statistics!

# “Fuzzy” and Al Models:
== Require “training” with
real data
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http://www.capetownskies.com/7739/07_sunset_miltn_wide.htm
http://www.capetownskies.com/6331/17_sunrise_glow.htm

Nielsen’s Irradiance Vs CC Reported by Ehnberg
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Normalized Cloud Transmittance Vs Z and CC
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Mean Relative Global Transmittance
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Let’s Try It with Real Data: 30 Sites, 2
Years Measured CC & Solar Data




National Climatic Data Center Integrated Surface
Hourly (ISH) Online Data

* http://lIwf.ncdc.noaa.gov/oa/mppsearch.html
« http://www5.ncdc.noaa.gov/cgi-bin/script/webcat.pl

http://hurricane.ncdc.noaa.gov/pls/plclimprod/poemain.accessrouter?datasetabbv=DS3505
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Excel Model Implementation

-0.0112 | Square Rand Scale = -0.05|MOTE:

-0.0016 |Linear

i Transmittance
Measured |inte Ia;.ed MEASURED DATA
[=H Total Cloud To(M) ‘646N |DframG! |Global GreDirect Ground Dec Date | G-hod-err
-9900 a 0,536 0 4 0 1042 1 hod vy 158.0407
0 a 0,995 0 a 0 1083 Meas vy 153.2398
G g 0269 0 a 0 1125 May be edied to remove
7 7 0435 0 a 0 1.167 Dif Ay -14% marths large missing dats
2 2 0318 0 a 0 1.208
7 7 0418 0 a 0 1.230 ModeliAK) (Meas(AM)(Delta % of MEAS
0 a 0,536 0 a 0 1.292 Jan 45.2 40.4 120
0 a 0966 0 8.3 0 1.333 1 Feb 98.7 LR 34
0 a 0977 108.2922 9900 0 1375 1010934 Mar 132.9 157.0 15.4
4 4 0817 2009983 Ho4 0 147 03ETET Apr 204.5 187.5 9.1
7 7 0421 145699 3222 0 1458 0547794 May 230.2 2420 49
2 2 0803 360.0676 AR 0 1500 0002859 Jun 270.7 266.9 14
0 a 0964 3807627 447 2 0 1542 0148563 Jul 269.9 260.0 38
0 a 1001 L4476 806 0 1583 010267 Aug 2144 210.3 -1.9
7 7 0403 989732 2333 0 1625 0579198 Sep 173.3 164.5 5.3
0 a 0961 9870479 1028 0 1667 0045673 Oct 99.4 91.6 35
0 a 0897 0 5E 0 1.703 1 Hov 5.7 7. 2.8
0 a 0.993 0 a 0 1.750 Dec 55.8 3.6 -T6.6
0 a 0.993 0 a 0 1.792
0 a 0.968 0 a 0 1833 TOTAL 18708 18209 -7
0 a 0337 0 a 0 1873
0 a 0.are 0 a 0 197
0 Ml M 9R5 ] Ml 1l 1 958
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IF (Am.gt.@8.) THEH

Tr=(1.8+AMp-AHp**1_81)
Tr=Tr*(-0.B903*AMp**0.84)
Tr=EXP(Tr)

Dzm=0z =AM
Toz=1-0.1611=0zm={1.+139 . 48=0zm)*={ - 0.3 035)
—(0.8082715=0zm) /(1+0_04h4=0zm+ 0. 0003 =0 zm==x2 )

Tm=EXP (-0.8127=Akp*=0.0826)

Wm=AMp =l
Tu=1-2.4959=Um/{ {(1+79 .83 4=lim) x=B.6828 + 6.385+Um)

IF (ITs.eq.1) THEH

TaS = A=SIH({dan-B)=8.81745)+(C
Else

Tas=C

end if

Ta3d=Tab5%+ .1
Tau=8.2758=Tad+0.35=Ta5
Ta=EsP{{-Tau=*B.873)*{1.+Tau-(Tau==A_7088) )=Am==0_.91088)
TAA=1-8.1={1-Am+AH==1 _B6)*={1-Ta)
TAs=Ta/sTAA
Rs=0.0685+(1-_85%)=(1.8-TAs)

Id=To*_9662=Tr=*Toz*Tm*Tw=Ta
Idh=Id=C05{Z* B.81745)

[as=0.79*]o0*=CO0S{Z2=0.01745 ) *Toz=Tm=Tw=THA
Tas=Tas*{@.5={1-Tr)+B.85=x{1-Tas) }/{1-AM+AM==1 .82}

Itot={Idh+Ias}/(1-Ab=Rs}
Idif=Itot-Idh

CALL Random_number{X}
Tcld=-0_0112*Tc**2-0._0016=*Tc+1.804+8_15=}

Itc=Itot=*Tcld

FORTRAN
Program

Process 30
Sites

INPUTS
Latitude
Longitude

Year

Month

Day

Hour

Pressure

Aerosol OD @ 550 nm
AOD @ 380 nm

Total Water Vapor
Total Ozone

Albedo

Total Cloud Cover (8ths)
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Hourly
e hame | oM | MBE % RMS % # Hours
m-ﬂ

FSE | 3575 | 29 | 1294 | -08 | 262 [ sdse
TaL | 2417 | 7428 | 1616 | <219 | 473 | 7997
CLE | 3417 | 133 | 1326 | 39 | 288 | 9245
OVE | 3233 | =912 | 1635 | -282 | 506 | 9590
EDI | 2550 [-1127 | 1779 | -31.9 | s04 | 9593
COR| 3455 | -827 1588 | -239  d4eo | 9381
LaR | 4015 | 66 | 1120 | 16 | 279 | sial
AUS | 3457 | 55 | 1154 | -1.6 | 336 | 9336
DEL | 5786 | -608 | 1326 | -184 | 350 | 9299
ABI | 3859 | 753 | 1421 | <195 | aee | 9577
ELP | 2919 | -244 | 1610 | -2 | 411 | 5890
SGP | 255.6 | 355 1403 | 100 | 204 | 9543
CAN | 2806 | 706 | 1401 | <185 | ass | odes
ALB | 4272 | 36l | 1164 | 24 | 273 | sdss
DES | 4269 | 53 | 1220 | -1.2 | 286 | sa1s
HAN | 3933 | -627 | 1141 | <159 | 200 | 8529
STE | 3059 | 152 | 1135 | 5.0 | a71 | sar2
BLU | 3052 | 236 | 1310 | 77 | 429 | s4a1
SRR| 3458 | 219 1258 | €3 | 393 | 9587
PEN | 2829 | 210 | 1216 | 74 | 428 | o375
ANY | 2802 | 537 | 1430 | 190 | s07 | 8140
BON | 302.9 | -429 1275 | -139 | 413 | 94ee
SAL | 3573 | o1 | 1409 | 168 | 419 | 8s3l
KLA | 3151 | 288 | 1oze | 91 | a26 | sess
MaD | 2672 | 456 | 1210 | <159 | 421 | ssso
BUR| 3474 | 426 | 1214 | -125 | 350 | 9597
EUG | 2835 | -89 | 1323 | -32 | 467 | 9433
BIS | 2344 | -275 | 1327 | -04 | 451 | adsg
FTP | 2910 | -607 | 1461 | 209 | s02 | 9az0
SEA | 2401 | 02 | 1132 | o1 | 471 | as74
MEAN| 339.9 | -233 | 1337 | 69 | 40.0

Hourly Mean Errors
(ANNUAL)

MBE 23 Wm-2
-80 Wm-2 <MBE<+60 Wm-2

RMS ~ 133 Wm-2

MBE ~ - 7%,
-32%<MBE<+17%
RMS ~ 40%
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Mean Bias and RMS Monthly Hourly

Averages 30 Sites

MBE PERCENT
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1999 Albany NY

e W/m 2

Measured Global Hz
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Irradiance
3

June 1999 Albany NY

Albany NY Jun 1999 Measured Global Hz
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Albany 1999 Monthly Mean Hourly Bias Errors

Measured Modeled MBE % of
Monthly Monthly MEAS
Hr Mean Hr mean

Jan 45.4 40.4 -12.3
Feb 99.0 91.1 -8.6
Mar 133.0 157.0 15.3
Apr 204.5 187.5 -9.1
May 230.5 242.0 4.7
Jun 271.2 266.9 -1.6
Jul 269.2 260.0 -3.5
Aug 214.7 210.3 -2.1
Sep 173.8 164.5 -5.7
Oct 99.6 91.6 -8.7
Nov 75.7 77.9 2.7
Dec 55.7 31.6 -76.3
TOTAL 1872.3 1820.9 -2.8
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Sea_sonal Bias Errors (1999-2000)
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Compare NSRDB/METSTAT Data and
Cloudy Sky Model Results

Selected 30 Years of Hourly Global Hz
Irradiance, Total CC (10ths)

Convert CC 10ths to Octas
Compute Bird Clear Sky Irradiance

— USE NSRDB (daily) aerosol, (hourly) water vapor
Modify with Cloud Transmittance

Compare with NSRDB Results

— Remember: NSRDB hourly data are STATISTICAL for 95% of
NSRDB—hour by hour matching is unlikely; but MONTHLY
MEANS agree well with measured data
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Port Arthur Texas & Evansville Indiana

Hourly Simulation 30 Years
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Mean
Difference

-8 Wm2

Std Dev
+88 Wm-2

Mean
Difference

1.6 Wm-2

Std Dev
+93 Wm2
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Wm-2

Global Irradiance

1000 -

900 -

800 -

700

600 -

500 -

400 -

300

200 ~

100 -

Summary

Modeled Global Horizontal G*tGN

* VVery simple model to implement!

*Average -7% MBE (max ~ 25%) and
40% RMS errors

» Realistic model hourly solar radiation
profiles

Based on cloud cover observations
for a wide variety of sites...
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