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ABSTRACT

From an analysis of solar radiation data collected at Alert, N.-W.T., it was shown
previously[2] that existing solar energy models overestimate slope irradiance at low solar
elevation angles. In this technical note it is shown that this overestimation results from the
breakdown of the relationship between sky condition and atmospheric transmittivity. In
particular, at low solar elevations, the portion of the global radiation being attributed to direct
radiation is overestimated. A new empirical relationship for the subdivision of global radiation
at low solar elevations has been developed.

RESUME

Une analyse des mesures de radiation solaire obtenues a Alert, T.N.O. a montré que les
modeles solaires existant surestiment le rayonnement sur une inclinaison quand 1’angle
d’élévation solaire est bas. Dans cette note technique, il est démontré que cette surestimation
est un résultat de la défaillance de la relation entre la "condition du ciel” la transmittivité de
I’atmosphere. En particulier, pour les angles d’élévation bas, 1a portion de la radiation globale
qui est attribuée 2 la radiation directe est surestimée. Une relation nouvelle pour la subdivision
de la radiation globale 2 des angles d’élévation bas est proposée.
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EXECUTIVE SUMMARY

The results presented in this paper were collected as part of a study to examine the
feasibility of using solar energy to power the High Arctic Data Communications System, which
runs from Alert to Eureka, N.W.T., during the summer months. A knowledge of the solar
energy that is available is crucial if the components of the solar power system are to be sized
correctly.

During the course of our studies , it was discovered that the existing solar energy models
overestimated the amount of solar energy that was available when the sun is close to the horizon
- a condition that is common in the High Arctic. A new empirical relationship that improves the
prediction of solar energy availability under Arctic conditions is developed in this technical note.
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1.0 INTRODUCTION

The high cost of transportation and the need for high reliability make the provision of
power to remote sites in the Arctic extremely expensive. It has been estimated[1], for example,
that the annual cost of replacing the batteries at the six remote sites on the High Arctic Data
Communications System (HADCS) is approximately $830K in 1983$. In such situations the use
of a renewable energy source such as solar energy can become economically attractive.

In 1984, under task DCEM 58, experiments were initiated to examine the feasibility of
employing a photovoltaic(PV)/battery system to supplement the non-rechargeable zinc-air
batteries that were being used to power the HADCS sites. As part of these experiments an
extensive data base of the availability of solar energy on a horizontal and a 80° south facing
inclined surface was collected. This data was used to assess[2] the suitability of various models
that were available to predict solar irradiance on inclined surfaces in the Arctic.

A knowledge of the quantity of solar radiation received on inclined surfaces is essential
to ensure proper sizing of any photovoltaic systems that are installed as well as for thermal solar
applications. It is also important[3] in understanding the performance of tents in the Arctic as
well as the effects of sunlight on the comfort of military personnel who must operate under harsh
climatic conditions.

In this technical note, a new method for the subdivision of global radiation into direct and
diffuse components when the solar elevation angle is small (less than 10°) is proposed.




2.0 BACKGROUND

In a recent paper{2], the experimental results obtained for irradiance on a south facing
80° inclined surface at Alert, N.W.T., were compared with results obtained using the models of
Hay[4] and Klucher{5]. Global radiation was subdivided into direct and diffuse components
empirically using the Liu and Jordan[6] relationship as expressed by Klein[7]. The coefficients
used were those derived for high latitudes by Boswarva[8].

Although the models provided reasonable estimates of slope irradiance when solar
elevation angles exceed 8°, they seriously overestimate slope irradiance at lower elevation angles.
The poor performance of the models at low solar elevations was attributed to the breakdown of
the relationship between sky condition and atmospheric transmissivity (K,). In particular, at low
solar elevations, the portion of global radiation being attributed to direct radiation was over
estimated.

The influence of solar elevation on the distribution of diffuse and direct radiation has been
discussed by a number of authors. Igbal[9] demonstrated that, under clear sky or partly cloudy
conditions, solar elevation had a marked effect on the fraction of diffuse radiation when solar
radiation was less than 30°. Garrison[10] noted similar effects in his extensive analysis of data
collected at a large number of U.S. sites. Recently, Skartveit and Olseth[11] proposed a model
that related the hourly diffuse fraction of global radiation in terms of solar elevation and
atmospheric transmissivity. This analysis did not however include data for solar elevations less
than 10°. In this note, the effect of solar elevation on the fraction of diffuse radiation is examined
using integrated hourly averages of radiation data collected at Alert 82.50°, and using data
collected at Resolute 74.72°, N.W.T., by the Canadian Atmospheric Environment Service (AES).




3.0 RESULTS

3.1  The Relationship Between Sky Condition and Atmospheric Transmissivity at Low Solar
Elevations. Analysis of Radiation Data from Alert, N.W.T.

Solar radiation intensities have been recorded at Alert on a horizontal surface using an
Eppley Black and White pyranometer, and on an 80° south facing inclined surface using an
Eppley PSP, from June 1984 until May 1987. Radiation intensities were sampled at 5 minute
intervals and hourly averages calculated and stored on magnetic tape using a Fluke 2280 data
logger. The results obtained in this way agree well (MBE = -2.5%) with integrated hourly
values of global radiation recorded by AES at the Alert weather station which is located a short
distance away from our experimental site.

Although a direct measurement of the ratio of diffuse to global radiation on the 80°
incline was not made, an estimate of 1,/ can be obtained from the data that was collected if it
is assumed that one of the solar radiation models is adequate to describe sky condition. For
simplicity, the isotropic model of Liu and Jordan[12] was chosen in this analysis. As shown in
Figure 1, although not quite as good as the anisotropic models of Hay[4] or Klucher[5], good
agreement is still obtained between measured and predicted solar radiation intensities for large
solar elevations using the isotropic model.

Assuming the isotropic sky model of Liu and Jordan[12] to be sufficient in describing sky
condition, the irradiance (I) on a south facing slope tilted at an angle 8 is given by:

I; = I-1)Rb + L,[(1 + cosp)/2] + pI[(1 - cosB)/2] 1)

where I is the global radiation, I, the diffuse component, , the surface albedo and R, the ratio
of extraterrestrial radiation on a south facing surface tilted at an angle 8 to that on the horizontal
(ie. R, = I z/1). The ratio (I/) is obtained using the experimental data for irradiance on the
horizontal and the 80° inclined surface. In this case I; = Ig; and I/1 is determined by:

1d/1 = [R, + 0.41325 - (Iy/DV/[R, - 0.5868] )

Using equation (2) and using the average monthly surface albedos given in Table 1,
hourly values for I,/ were calculated from the measured ratio of Iz/I. The results of these
calculations are shown in Figure 2 as a function of atmospheric transmissivity (K,=1/1 ) for
various intervals of solar elevation. These results show clearly that the relationship between I/1
and K, is strongly dependent on solar elevation.




3.2  The Relationship Between Sky Condition and Atmospheric Transmissivity at Low Solar
Elevations. Analysis of Radiation Data from Resolute, N.W.T.

The relationship between sky condition (I,/I) and atmospheric transmissivity (K,) was also
studied using data obtained from AES for Resolute. At Resolute, AES makes a direct
measurement of the diffuse and global radiation on a horizontal surface and the approximate
method of analysis used to analyze the Alert data does not need to be used. The results presented
are based on matched pairs of diffuse and global integrated hourly data for the period 1984 -
1985, recorded and archived according to true solar time (TST). Figure 3 shows the results
when 1/1 is plotted as a function of K, for the same intervals of solar elevation as in Figure 2.
It should be noted that these results show the same dependence on solar elevation as in Figure
2. This provides confidence in the method that was used to extract I,/I from the Alert data.

3.3  Empirical Relationship Between I,/ and K, at low solar elevations

It has been found that the resuits shown in Figures 2 and 3 can be described quite well
by the expression:

I/1 = 1 - k(e)*e*K} 3
where © is the solar elevation angle,

k(®) = 0.09715 + 0.00323*e - 0.00016*e> )
and 1/120.

The coefficients for this expression were determined by a least squares fit to the Alert
data. Figure 4 shows the relationship determined for I,/I (equation 3) as a function of K, for
various values of solar elevation. This equation provides a reasonable fit to the data shown in
Figures 2 and 3. At low elevation angles, the agreement between the experimental and
calculated values for irradiance on a tilted surface is greatly improved when the above
relationship is used instead of the Klein[7] equation with Boswarva’s[8] coefficients. Figure 5
compares the results of October 1985, calculated using equation (3), with those determined using
Boswarva’s coefficients. The relationship has been derived using data having a maximum solar
elevation of 31° and it should not be used beyond this range without further validation.

A statistical comparison of model performance while using equation (3), with that using
the Boswarva expression{8], is give:. in Table 2. In this table, a comparison is made of the mean
bias error (MBE) and root mean square error (RMSE) as commonly defined [13). There is a
substantial improvement for March and September, months in which solar elevation angles
remain low. Also included in Table 2 are th. results for a hybrid model that uses equation (3)
when the solar elevation angle is less than 8°, and the Boswarva expression for higher elevation
angles. The hybrid model produces the best overall fit to the experimental data.




4.0 DISCUSSION

The results presented in Figures 2 and 3 indicate that the relationship between sky
condition and atmospheric transmissivity is strongly dependent on solar elevation when the sun
is close to the horizon (ie. @ is less than 10°). The need to adjust the coefficients[8] in the
Klein[7] equation for higher latitudes is probably due, at least in part, to this dependency.
However the effect of surface albedo on multiple reflection is also important [14].

The results presented in this note show that, at low solar elevation angles, there is a
greater contribution of diffuse radiation to the total than at higher solar elevation angles for the
same K, value. When the sun is on the horizon (6=0°) all of the radiation is diffuse and in
general it can be expected that I,/ - 1 when & - (°.




5.0 CONCLUSIONS

The analysis of solar radiation data collected at Alert, N.-W.T. (82.5 N) and obtained for
Resolute, N.W.T.(74.7 N) from AES demonstrates that there is a serious breakdown of the Liu
and Jordan relationship at low solar elevation angles. A new empirical relationship was
determined for the subdivision of global radiation that takes into account the effect of low solar
elevation angles. This new relationship shows a marked improvement over the Liu and Jordan
relationship at low elevations.
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TABLE 1: Average Monthly Surface Albedo

March April May June July August | September
0.8 0.8 0.8 0.6 0.2 0.2 0.8
| — —

TABLE 2: Statistical Performance of Radiation Subdivision Models

L METHOD OF RADIATION SUBDIVISION

MONTH | ALL-SKY LIU-JORDAN EQUATION 3 HYBRID
MODEL MBE% | RMSE% | MBE% | RMSE% | MBE % | RMSE %
MARCH HAY 130.7 280.9 90.2 274.0 65.2 182.2
KLUCHER 72.2 158.2 65.7 248.3 21.5 110.2
APRIL HAY 5.4 45.2 3.7 59.5 5.4 47.1
KLUCHER -10.7 42.6 1.6 56.2 -10.5 43.6
MAY HAY -3.6 22.3 5.1 30.5 -3.6 22.3
KLUCHER -1.7 20.7 8.4 28.3 -1.7 20.7
JUNE HAY 7.4 22.2 8.6 28.7 7.3 22.8
KLUCHER 1.7 25.1 12.5 27.8 12.1 24.2
JULY HAY 0.5 20.0 5.5 22.2 0.4 20.0
KLUCHER 2.8 24.6 8.3 23.0 2.8 24.6
AUGUST | HAY 3.0 35.6 9.7 42.8 2.7 35.7
KLUCHER 5.2 34.5 8.6 41.1 5.0 34.5
SEPT HAY 43.6 110.3 35.5 134.5 30.9 113.4
KLUCHER 19.0 63.7 17.8 111.3 9.6 76.0
oCT HAY 9320 | 2171.0 205.3 940.0 215.0 962.0
| KLUCHER 564.0 1272.0 41.1 231.0 4.9 229.4

8




MAY 13985

1.5
LIU-JORDAN + ISOTROPIC REF. .
ALBEDO 9 .80 /
~1.8
Tl 4
E ’
% ~ 74 + e
X~
~ + 1}/"’ A
S e A
—_ +4
8 «H;A + :ﬁ.
. 5 £ .{++
(on} - t 1 A
= w7t
D.9 . Y
0.0 .5 1.0 1
IR meas. (kW/m~2)
FIGURE 1: Hourly performance of the Liu and Jordan model during May 1985

9

.3




o1

*L861T AeW ybnoayyz yge1 aunp

{°3°M°N ‘3jaeTVv

je sdnoab afbue uorjeaars Ieros snoraea 1o A sA 1/°1 Jo suostaeduod Aranoy :z aanbrd

<—— W <—— I -~ )
8 s°'0 (%] s'a a c'e %)
LI RN 1 ¥ L] _ T T T 1 T d‘ F§ —C‘— 1 v F T &
- - + = + + 7
: : % ¢ 1 4l :
J e w .
= = + + ANyt m..:» .
— ] + t.»w.:,.. 4y T4ttt v 4 — 5@
7R
7 h e 41t 4 U + *0‘# ﬂ.xv+ 1 ~
] ] .:.w++¢¢+ R .t ) N
“ . :J‘.r H ] \m 3& \+ 1 =
+ — ety L/ S v A L 1
. ] ] ] ]
062« . 4 82 01 .81 . 081 01l .91 .
TR, T +_ LI RULAE S B I M T “,._¢_|.4 T AL L LA B )
4 + + + + . B
+ 4 ¥ 1. t“# ' | ! »ﬁ:* 7 ¢ :
+ + +
+# ¥, 14" 4 e ¥, +* t4.. a4t . ¥ + .
" +++u ¢ Abe 3 -+ Ty $.0, " |Q‘ﬂ¢ 3 4 kv e X
.?vw 1 YA . of VEN + +3 e S oLt ++¢ 4
ate L W A S S A A 4+ YA gy e | :»».1} " 1 &
O B SSNE Ds & S P MR L PR
*¥8 L +2 . t .Y tan, 1° % #
+ ‘09 ¢ _ - — 1
A R - .
091 0L obl . ol OL o21 ] o2l 0L .81 y 81 0l .8 7
LI BN BN RV R B B T T T T T LIS B B N N N e T T T T T T )
7 h 7 T
. - - - A
4+ M4 n ++ n 7 7
1 1 ' 1 ] ]
C i b B ¥ FXT R B Jse
.I.N ' 4 ot + 4 A* + + + +
v“# 14 + + + Ir# + + 4 1"+ 4 4+ 4+ ¢¢ 1 4 1 N
" R A ..t.. + 2 TS » ! ] %.#4..«%.1+ u $ 1 -
* + - ~} h + 4
+ »wﬂ — »t€$+ i+ * fw ##f# l*iﬁ%%ﬁ; -1 1
-4 4 - 1
BOL 3 | 90Le {1  HOLe2 ] .20l .8 |
L [ -




‘G861 JoquUPO3Q ybnoayz

e sadnoab arbue uorjeas(s aeTOS SnoTaea I03

v861 Aaenuep

M sA 1/°1 3o suostaeduoo LAtanoH :¢ aanbrg

£*3°M°N ‘@3nyosay

=~ M C~= I == (-~ W
I S0 9 e 9 S0 0 S0 )
1 ) T — ¥ LRI ] 1 ! T ¥ L — ] L 1 1 L] LB — 1 | LANL] 1 L] T L — T \] L
3 R - 4 . -
s} 1.* + 4 Wm@fﬂ h N ??o% 4
+ + . 4
‘3 ol e Mt e A RETRT
L RERE R LI y IS A3 { 74 -
7 + m++¢. Y TN r 4 » + ¢+ + N Pl .
1 + T Jﬁ LAY L5 OO NN 1 M. sd a0 th
— +4 fd + oy +—
. ] L i
052« 4 062 0L .02 ] 82 01 .81 ] oB1 0L L91 .
] { \ T — LA L B { { 1 1 — L NEE B 1 L] { 1 1) — 1 ¥ ¥ ] ] ] ¥ ) — )] 1 0
B,y T T » T 1
Y 1y 4 5, Mw. i + 1 %W? . ]
+ 44 +4 ] & ¢ ] G + .
DEPR A RO LRI IR0 SR G COTCL A -
+ + 4
LRI DK ORI BRI S B .ﬁ;m F
T b i 1+ 0 N # + 4 w1 Y
+ ¢+¢ % +¢ 4 oﬂNL * “.v.f 4, tohtw + Y »+.—.’ ++ i ad ¢+¢ ...r.. m.. QM
+ f.w.f..b&ig * w| o T ] e ]
= ~4
091 0L obl . obl 01 o21 . ol 0l .01 . 81 01l .8 -
. . -4 .
T I LI T _ T 1 T T 1 1 1 L] # V 1 L 1 ] LI LI — ¥ L LA T T T -1— Tt
+7] T 7 + e ]
* = +¢.. h +1
b ¢¢HW~¢¢ i + 4 - a * ug
+++ 44 !&»: . ~ 4 PR t . s f.ml o
.9‘“..’*.0 &# .34* M# + ,Lv .06 .o.% + ;4 + L + 0+ ,’* ‘e -4 -
++ t T ++tu + +* ..ﬁwo « t‘J + e Vs 4&*u Vaidad f X3
MRV L. KW * &f# * + R ATYY S te to 3 ide o
+ y + * 4 + + .
o " &b N &uu#§m¢ Tt Uu..f.«&meTf o ﬂtw..‘.f o]
] ] ] ]
o8 0L .9 w 03 0L ob m ob OL o2 u o 01 o8 )

IP1

-

Sl

11




4}

1.5

—-—
- -
- ° . A
° n
~ 4 . —{ vl
- o -*x
= -
. -l -
< -
12 4 UEEE NSRS FUTNE FRTWE SN llllLLlLllllJiﬂ
L
°
1 e Up)
h g o™ .
o N
- o
-
I U EHERENE FEEE raaal i S |
1 -l
- -
p ] = ] o
m =] hand 1 —
- -y
) )
- -
J .
llll‘LJIilllll ljilrlllllllll L1 i1 llll]ll]lo
- -
- .
°
° - ° — ™~
— m —
- -
- -y
- -
- ~
- lllllLllIJJll lJlllllll llllrlllllll_le
v n n
- - [ -] - [ ] - .
wa o We o L7 i -

Figure 4: I,/I vs. Kt as determined by equation 3.




5

uotjenba utraTyd 8yl sA ¢ uorjenbs Hulsn souewrojiad Tspou

1

‘68617 190300 I0J S3U8TOTIIP00 S,eAremsog burisn
Jo uostaedwoo ¥y :g aanbryg

(2vW/M1) °seaw ]
a1 5 a

L ¥

NOIL1HNOD3 S.uAdUMSOd
ONISN 1300W S.¥3HIN

G861 ¥380120

2'0

*ajes I

T(2vu/MY)

g1

St

(2vW/MY) “sesuw ]

at 5 28
T T %Q.Q
R
R
.\
S
—
\\\\ Lm.o
/ ol
O
=
=
~
3
R
T
E NOILHNO3
ONISN T300W S.¥3HONTH |

G861 ¥3801D20

13




UNCLASSIFIED -15-

SECURITY CLASSIFICATION OF FORM
thighest classification of Title, Abstract, Keywords)

DOCUMENT CONTROL DATA

(Security classiflcation of title, body of abstract and indexing annotation must be entered when the overall document is classified)

1. ORIGINATOR (the name and address of the organization preparing the document. 2. SECURITY CLASSIFICATION
Organizations for whom the document was prepared, e.g. Establishment sponsoring (overall security classification of the document
& contractor’s report, or tasking agency, are entered in section 8.) including special warning terms if applicable)
Defence Research Establishment Ottawa
Ottawa, Ontario UNCLASSIFIED
K1A 0Z4

3. TITLE (the complete document title as indicated on the title page. Its classification should be indicated by the appropriate
abbreviation (S,C or U) in parcatheses afler the title.)

MODELLING SOLAR RADIATION IN THE ARCTIC. AN IMPROVED METHOD FOR THE SUBDIVISION OF
GLOBAL RADIATION (U)

4. AUTHORS (Last name, first name, middle initial)
GARDNER, C.L. AND NADEAU, C.A.

5. DATE OF PUBLICATION (month and year of publication of 6a. NO. OF PAGES (lotal 6b. NO. OF REFS (total cited in
document) containing information. Include document)
NOVEMBER 1991 Aanexes, Appendices, et "

7. DESCRIPTIVE NOTES (the category of the document, ¢.8. technical report, technical note or memorandum. If appropriate, enter the type of
report, ¢.g. interim, progress, summary, annual or final. Give the inclusive dates when a specific reporting period is covered.

DREO Technical Note

8. SPONSORING ACTIVITY (the name of the department project office or laboratory sponsoring the research and development. Include the
address.

NUCLEAR EFFECT SECTION, Electronics Division, Defence Research Establishement Ottawa
Ottawa, Ontario, K1A 0Z4

9a. PROJECT OR GRANT NO. (if appropriate, the applicable research 9b. CONTRACT NO. (if appropriate, the applicable number under
and development project or grant number under which the document which the document was written)
was written. Please specify whether project or grant)
PROJECT 041LT
10a. ORIGINATOR’S DOCUMENT NUMBER (the official document 10b. OTHER DOCUMENT NOS. (Any other numbers which may
number by which the document is identified by the originating be assigned this document either by the originator or by the
activity. This number must be unique to this document.) sponsor)
DREO Technical Note 91-26

11. DOCUMENT AVAILABILITY (any limitations on further dissemination of the document, other than those imposed by security classification)

(X) Unlimited distribution

( ) Distribution limited to defence departments and defence contractors; further distribution only as approved

( ) Distribution limited to defence departments and Canadian defence contractors; further distribution only as approved
{ ) Distribution limited to government departments and agencies; further distribution only as approved

( ) Distribution limited to defence departments; further distribution only as approved

( ) Other (please specify):

12, DOCUMENT ANNOUNCEMENT (any limitation to the bibliographic announcement of this document. This will normally correspond to
the Document Availability (11). however, where further distribution (beyond the sudience specified in 11) is possible, a wider
announcement audience may be selected.)

Unlimited Announcement

UNCLASSIFIED

SECURITY CLASSIFICATION OF FORM RA.W (17 Dec 90)




-16- UNCLASSIFIED

SECURITY CLASSIFICATION OF FORM

v«

ABSTRACT (a brief and factual summary of the document. It may also appear ¢lsewhere in the body of the document itsell. It is highly
desirable that the abstract of classified documents be unclassified. Esch paragraph of the abstract shall begin with an indication of the
security classification of the information in the parsgraph (unless the document itself is unclassified) represented as (S), (C), or (U)..

It is 0ot necessary 10 include here abstracts in both official languages uniess the text is bilingual).

From aa analysis of solar radiation data collected at Alert, N.-W.T., it was shown previously [2] that existing solar energy
models overestimate slope irradiance at low solar elevation angles. In this technical note it is shown that this overestimation
results from the breakdown of the relationship between sky condition and atmospheric transmittivity. In particular, at low
solar elevations, the portion of the global radiation being attributed to direct radiation at low solar elevations has been

developed. ~.

14, KEYWORDS, DESCRIPTORS or IDENTIFIERS (technically meaningful terms or short phrases that characterize s document and could be
heipful in cataloguing the document. They should be selected s0 that no security classification is required. Identifiers, such as equipment
model designation, trade name, military project code name, geographic location may aiso be included. If possible keywords should be selected
from a published thesaurus. e.g. Thesaurus of Engineering and Scientific Terms (TEST) and that thesaurus-identified. If it is not possible to
select indexing terms which are Unclassified, the classification of each should be indicated as with the title.)

J
i ;“ SOLAR RADIATION

ARCTIC
SUBDIVISION OF GLOBAL RADIATION .

SOLAR ENERGY MODELS

UNCLASSIFIED
SECURITY CLASSIFICATION OF FORM

e




