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SCLAR ALTI TUDE EFFECTS ON | CE ALBEDO*

S. J. Bolsenga

The al bedos of many natural surfaces, such as soils and
crops, are known to be affected by solar altitude, but simlar
processes have not been well documented for ice surfaces. A
limted set of ice albedo data shows that the effects of solar
altitude are not nearly as pronounced as those attributed to many
other natural surfaces. Surface geometry, direct-diffuse radiation
bal ance, and spectral balance all contribute to these differences

1. INTRODUCTI ON

In a series of neasurenments of the total (sun + sky radiation, 300-
3000 nn) al bedo of ice (Bolsenga, 1977), the influence of solar altitude
on ice albedo was apparent in sone cases. Gaphs of all days of data plotted
against true solar time (TST) are shown in figure 1. The data were taken
from various types of ice surfaces under different atnmospheric conditions
The purpose of this study was to subject the data set to machine conputations
designed to isolate the effects of solar altitude.

Idso et al. (1974, 1975) described the diurnal variation of the al bedo
of a field of Avondale | oam soil and noted three catagories of character-
istic daily albedo variations. \Wen the soil is wet, the change in al bedo
I's symetrical about solar noon, being high early and late in the day and
| ow near noon. The second stage occurs during drying when the albedo rises
dramatically. The final stage occurs after drying when the albedo is again
symetrical about solar noon,,but with all values higher than the wet soi
values. To relate the values solely to soil water content, Idso et al.
plotted al bedo vs. the zenith angle for both wet and dry soils (figure 2).

2. DATA REDUCTI ON

A conputer programwas witten that (1) conputed al bedo from the
inci dent and reflected pyranometer readi ngs, (2) conputed TST from | oca
standard time (LST), (3) calculated solar altitude (v), (4) conputed zenith
angle from solar altitude, and (5) produced graphic plots of albedo vs.
zenith angle. A listing of the programis an appendix to this report. TST
was cal cul ated by using

TST = LST + 4(h - 1) + E, ¢))

*GLERL Contribution No. 149.
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wher e
A, A_=neridian of the observer and standard meridian,
respectively, and
E = equation of tine.

The solar altitude, ¥, at the tine of each observation was determ ned
from

sin y=sin¢sin 6 + cos ¢ cos 6 cos h, (2)
wher e
¢ = latitude
§ = declination of sun,
h = hour angle, (TST - 1200) . 15°.

3. ANALYSIS

In the first group of conputer runs, all over-ice radiation data
were used, including sone at extrenely |ow solar altitudes, where accu-
racy was questionable because of possible instrunent error caused by
low light levels. Figures 3-8 are nmachine generated graphs of all
al bedo data vs. TST. Data that are obviously in error owing to |ow
light levels are shown near the end of the day on January 27, 1976
(figure 6). Figures 9-15 are conputer plots of albedo vs. zenith angle,
using the same data. Figure 15 conbines all days of data on one graph.

In the next group of conputer runs, all data at y < 10° were re-
noved. It is known that a certain amount of good data were renoved with
the bad, but it was felt that this step would be justified if large
amounts of data could be processed froma refined technique. The plots
are shown in figures 16-22, with figure 22 representing the conbined
data set. It is obvious fromfigure 22 that the data do not separate
into the well-defined curves shown in figure 2.

Di fferences between the ice al bedo curves and the soil curves shown
in figure 2 could be because the curves in figure 2 do not include data
from days when the albedo rises dramatically owing to drying of the soi
surface (personal comunication, S. B. Idse). To more closely approxi-
mate the conditions applied to that data set, we elimnated one neasure-
ment day when the average tenperature during the ice measurenments was
above 0°C (February 24, 1976). Above-freezing tenperatures prevailed
for several days before these nmeasurements. A layer of water formed on
the ice during the day, but low nighttime tenperatures had solidly
frozen this layer by the morning of the neasurements. Tenperatures were
mld during the day, causing the ice surface to partially melt. The
al bedo decreased rapidly from 48 percent at 0847 TST (y = 27°1') to 21
percent at 1239 TST (y = 36°52') (figure 1). Mean tenperatures for all
neasurenent days are shown in table 1. Figure 23 shows all the measure-
ments with low solar altitudes and data from February 24, 1976, deleted.
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Tabl e |.--Average temperatures during measurement period by measurement days

Dat e Tenperature (°C)

January 8, 1976
January 15, 1976
January 22, 1976
January 27, 1976
February 3, 1976
February 24, 1976

1 1 [} 1
N I el el
oORrIoor
oo o~ o

The lack of simlarity between figures 2 and 23 seens to indicate
"significant differences between this work and the work by Idso et al.
It is felt that the nost basic difference is the nature of the surfaces
fromwhich the al bedo val ues were neasur ed.

The soil surface studied by Idso et al. was a unifornly plowed
field. The individyal aggl onmerates of soil varied widely in size and
shape, but they remained in the sane position, undisturbed except for
irrigation, during the entire study. The surface could, therefore, be
classified as a near Lambertian reflector. In contrast, the ice sur-
faces in this study varied for nost of the measurement days. Mst of
the tine no effort was nmade to reoccupy a neasurenent site. The ice
surfaces, with one exception (February 3, 1976) could also not be clas-
sified as Lanbertian. Nunerous occasions of specular reflection were
noted at |ow solar altitude (sun glint). For the measurements of
February 3, 1976 (figure 1), the ice surface was originally snow covered
refrozen slush, but when the snow was cleared, a significant amunt of
granul ar snow adhered to the ice that could not be renoved by sweeping
The remaining snow contributed both to the higher albedo and to the
diffuse nature of the reflected radiation. The neasurements are clearly
different fromthe others in figure 23 and have been renoved in figure

24 to obtain nore uniformconditions over all neasurenent days as with
“the soil neasurenents.

Two days of data (January 8 and 15) collected over the sane ice
surface are shown in figure 25. No dependence of the albedo on zenith
angle is shown. The graph is, in fact, simlar to one shown by Coul son
and Reynolds (1971) for a blacktop surface (figure 26). They attribute
the lack of dependence on "the virtual |ack of shadows on the relatively
snooth surface of the blacktop.” Coulson and Reynol ds measured the
dependence of the al bedo of various surfaces including soils and crops
on solar altitude and concl uded:

Surfaces of a conplex nature which contain nany Interstices
within the structure generally show a decrease of reflectance

27
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with increasing sun elevation. It is probable that this
feature is caused by a significant part of the incident
radiation being trapped within the interstices, in a manner
simlar to that in other types of optical traps.

It would thus appear that flat ice surfaces show much |ess al bedo vari-
ation with changing solar altitude than more conplex surfaces. On the
other hand, ice surfaces with sufficient relief (brash ice for exanple)
mght well exhibit daily variation with solar altitude. The orientation
of individual plates of ice in a brash field could, however, cause a
lack of symmetry about 1200 TST. A similar lack of symmetry was noted
by Diamond and Cerdel (1956) for nmeasurement of snow al bedo in northern
Geenland. Mean norning and afternoon al bedos showed that al bedo was
higher in the afternoon than in the norning on both clear and cloudy
days (table 2). The differences were attributed to etched patterns in
the snow due to wind erosion, which exhibited vertical to undercut
surfaces. This caused shadows, depending on sun angle.

Tabl e 2.--Mean values of albedo in the morning and aftermoon (from Diamond
and Gerdel, 1956)

Solar time Solar time
0500- 1100 1300- 1900
Cear day 0.77 0.87
C oudy day 0.80 0. 86
Al days of record 0. 80 0.85

Many of the neasurenments were made over ice surfaces cleared of
snow. Cleared areas were of sufficient size to elimnate snowbank
effects fromthe ice al bedo results. However, on the first norning of
the measurenents (January 8, 1976) a small ice surface was cleared by
shoveling and sweeping. In order to check the effects of the nearby
snow cover on the albedo, a larger area was cleared in the afternoon
The al bedo dropped significantly, indicating that al bedo values from the
smal ler cleared area were unrepresentative. The norning al bedo val ues
are not included in any of the previous plots, but are shown in figure
27. A definite dependence of albedo on zenith angle is apparent. The
effect is nost likely due to shading of the neasurenent surface at |ow
sun angle by the banks of snow (about 30 cm high) left after clearing
the ice. The albedo variation due to shading might well be simlar to
that observed for soils and crops

31
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Coul son and Reynol ds (1971) found a significant increase in soil
al bedo at solar altitudes from 10" to 20°; |ower al bedos were noted at
solar altitudes from0" to 10'. Sinmlar results were also noted in this
study as shown by figure 6 (January 27, 1976), where a steady rise in
al bedo was followed by an abrupt drop. Al the lower readings occurred
at solar altitudes less than 5°. The Eppley Corporation, manufacturer
of the instruments used, has indicated that nmeasurenents at solar alti-
tudes of less than 10" could be in error since the capability of the
thermopile m ght be exceeded due to low light levels. It is felt that
these neasurenents are accurate to about 5°-7° owing to special care in
measurenent technique and measurement of output by a precision portable
potentioneter. It is therefore concluded that the abrupt drop in al bedo
shown in figure 6 and in several figures in Coul son and Reynol ds'
study was due to instrument error.

The rise in albedo prior to the drop is another matter. Bol senga
(1977) in describing the January 27, 1976, measurenents states:

The increase in albedo near the end of the day wth decreas-
ing solar altitude is likely due to the effects of increas-
ing diffuse sky radiation which is relatively rich in visible
light (i.e., incident flux conponent due to direct solar

radi ation becones progressively smaller and diffuse com
ponent relatively larger). If the ice albedo is high in the
visible spectrum as with snow, the albedo of the ice could
be expected to increase at increasingly lower solar altitudes
under clear skies (Liljequist, 1956, p. 88). The linited in-
formation available indicates that the albedo of ice simlar
to slush ice and snow ice in the visual spectral range is
high but that this would not be the case for clear ice
(Sauberer, 1938).

Coul son and Reynol ds offer the follow ng explanation for both the in-
crease and the decrease:

The reflectance of nost surfaces appears to reach a maximum

at sun elevations of 10-20°., This apparent reflection

maxi mum while not conpletely understood, is probably the
result of a conbination of two effects. First, observations
show that most surfaces have a higher reflectance for |ight
incident at a large zenith angle than for that at more nearly
normal incidence. This would explain the decrease of reflec-
tance with increasing sun elevation for the portion of the
curve subsequent to the maximum  Second, the ratio of direct
to diffuse light undergoes a rapid shift at [ow sun el evations
Qoviously, the incident light is entirely diffuse when the sun
is below the horizon, and since the major part of the diffuse
flux is fromzenith angles which are not large, the reflectance
of the surface is relatively low at that time. This is shown
by the curves. As the sun increases in elevation, the relative

33



contribution of diffuse light decreases with respect to
direct light, and since the direct light is incident at

a large angle, it is nore strongly reflected than is the
diffuse light. This explains the increasing reflectance
observed at |ow sun elevations. Finally, the two oppos-
ing effects will just balance each other, thereby pro-
ducing no change of reflectance, at some el evation of the
sun, This point of maxinum reflectance is seen by the
curves to occur at a sun elevation of 10-20°.

Coul son and Reynolds' interstitial trap, diffuse vs. direct radi-
ation explanation and Bolsenga's diffuse vs, direct radiation, spectral
reflectance explanation are only in partial agreement. However, it is
fair to speculate that soil and crop surfaces are influenced primrily
by interstitial trap effects and secondarily by diffuse-direct and
spectral effects. Smooth ice surfaces are influenced prinarily by the
diffuse-direct balance and spectral effects and only slightly by shading
effects due to the lack of relief of such surfaces.

It also appears likely that shading has a greater effect on the
al bedo of any surface than the diffuse-direct balance and associated
spectral effects. This conclusion was derived after examning the
apparent conflict between the measurements of January 27 (figure 19),
which seemngly show a rather |arge albedo increase with zenith angle,
and all of the other neasurements (particularly those of January 8-15).
The increase of January 27 is the only case indicated by the neasure-
ments that conpares favorably with the large soil increases noted by
Idso et al. However, an analysis of the cloud patterns prevailing
during the period of measurenment on January 27 shows that the cloud
regime changed fromvariable cloudy to nearly clear skies at a zenith
angle of about 74". The al bedo increase of about 6 percent at that tine
is probably due to the diffuse-direct radiation balance and associ ated
spectral effects as influenced by cloud cover changes. |If the al bedo
changes on January 27 can be considered as two separate regimes, before
and after clear skies, one finds no ice al bedo changes that can be
conpared to those noted in soils. The lack of variation in ice al bedo
m ght be explained by |ack of shadowi ng. The weak dependence of ice
al bedo on solar altitude (as conpared to the results reported by 1dso et
al,) noted in some data here is probably caused by variation in the
spectral reflection as influenced by the diffuse-direct radiation bal-
ance . |t thus appears that soil and crop al bedo are strongly influenced
by solar altitude, whereas ice albedo is only weakly influenced by
conparison and that the major influence on soils and crops mght well be
shadowing effects. Clearly, much additional study with a larger data
base is warranted

4. CONCLUSI ONS

Six days of albedo data collected froma variety of ice surfaces on
an inland | ake were processed to deternine solar altitude effects on ice
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al bedo. Wen al bedo values were plotted against zenith angle, the data
failed to produce the snooth curves presented by Idso et al. (1975).

The principal reason for the lack of agreenment is that nmeasurements for
the studies by Idso et al. were all taken over one surface where shading
effects occurred due to individual agglonerates, whereas these neasure-
ments were from various smooth surfaces with little shading effects. If
the measurenents are taken over the sanme ice surface, possible variations
in the physical properties of the surface fromday to day also tend to
cloud conparability. The ice neasurements showed characteristics more
simlar to those of blacktop than to those of soils or vegetation as
measured by Coul son and Reynolds (1971). The differences are attributed
to the flat and inpervious nature of the ice as opposed to crops, soils,
and undercut snow surfaces. Physical reasons for the soil-crop vs. ice
differences in albedo behavior at low solar altitudes include surface

geonetry, direct-diffuse radiation balance, and spectral balance of the
radiation.

Future studies on ice should include a lengthy series of neasure-
ments over a single ice surface. However, the results of this study
enphasi ze that each series of neasurenments would be site specific.
Separate curves woul d be necessary to represent the various ice types,
such as pancake ice, ball ice, snowice, etc. The sane situation is
likely with different soil and crop surfaces. Certain ice types such as
brash ice would closely approximate soil conditions, but would require
separate measurenents for each individual field because of the orienta-

tion of individual ice blocks. Considerable additional work is needed
to understand these phenomena.
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APPENDI X

COWUTER PROGRAM FCR

PROCESSI NG ALBEDO DATA
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C

1

0

PROIGRAMALBEDOCINPUT ,0NYPUT.TAPES=INPUT,TAPEG=0UTPUT.TAPEZ)
EMITILIZATIONOF RLLYARIGBLES

INTZGQER Y.DATE

DINZNSION SG 10003, TST{1000),ALC100H), HC1000Y,20L01000).TADECLD09)
1,RI1ID0D,XI1900),ML1900),4C1209), KC1003),LI1000),RRI10007.RX{1003)
DIMENSIBH 553{6000),ALLIB2DDD

REALLAT,LST,_MT,LON,MIN,HIN

1Z= o0

SM=75.

YM=83.717

LAT=42.3

COR =4« (SN-YM)

COR=COR/80

DEG=S? .29577258

RAD=.017453293

LAT=LAT*RAD

CULLINITT{(969)

RE3D{(S5.102> ISUTCH

FORMATCES)

D Ot1ll=1,50

XA = 9.

RR = 0

RE3DIN THE DECLINATION{A,B.CY, E(F+G),THE TIMECIRRECTION
FACTOR, ANDT H EDATEOF THE TRSERYATION.
READ(S5,100)4,8,C,F.G.0.DATE, ZEG,HIN,GED,NIN

Il FJ{EDF(S ) 29,1

N

1CONTINUE

CONVERTDECLINAYIONIN DECREES , MEIN., AND SEC. TODECIMALDEGREES

AK = 1

IF JA.LT.¢.)A K=(-1.)
A = ArAK

D =A+B/60+023600

D =D=*AK

SIMILARLYCONYVERTTHE TIME INTODECIMALHOURS .
LAT = ZEG+MIN/80.

L ON=GED+NIMN/60.

COR = {4 *{SM-LON))>/00.

LAT = LAT=*RAD



6¢

OO OO0

20

FK = 1
I FCF.LT.O0.)FK=(-1)
F=F+FK
3 aF+G/69
E=E /6 0.
E =E®FK
CONVERTDECLINATIONT ORADIANS
D =DsRAD
OUTPUT HERDERS
WRITE(G, 202> DATE
WRITE(6,201)
REAND IN TRE NATH
N=3
o=
ISTART = i

OLOKK=1,12.10

= J+1
EADUS,101)S,TARCIY, ) . RA.XA,]1DA
= HJIURS

= MINUTES

z REFLECTEL

= INCIDEHTY
DRIl S A NINDICATORTHATN ODATAFOLLOWS
I FCIDX.GT.0)C O T O 9
I FSRX{JY . EDQ . O.)YGO TO 20
GO TO 30
CONTINUE
1J L)
1 Y-ISTarRT+1
¥ aadIt
R RAZIL
DO 40 | A=ISTART.N
1J = 1d+1
ACIRY = HCIXY-(IJ*xXR)
RCIX) = ROIXDI-CTIISRAD
RRS TR P17 .01
R¥{(TXD> IR Wa 01
ALY T XD ERITIRIRECLIZ)

= < U =4 0 U & O

> DOy
Ho®oH

noton



oy

490

30

10

ZALCIRDY = AL{TX)

CONTINNE

| ST 4 R T=H+1

J o=

GO TO 10

CONTIHUE

COUHY YHE NUMRER O FAORSERVATINNS AT THIS STATIAON
N=n+}

CORREZTTHE |IMME

T=T+0

COHYERT LOZ4L STANDAFRD TIMF T4 DECIA4L HOURS
LET=8+7754

CALSULAIETKIESOLAR TIME

TSTCJIDX=LSTH+CORE

CALCULATETHEHIURANGLEO F THE S U N

HEIDY = (TSTC)I=-12. 0415 +RAD

CALCULATE SOLAR ALTITNDE
SAA=STHILATI«SINC(D I+COSCLul 7¢CRS DI+ COSCHCI)D)
SALJI=ASINCSARD

CALSULATE REFLECTED AND INCIDENT RADIATION

R R :1)sFeUII7 01

RALI)Y = RO EY 2 a0,

CAaLTUATE aLREDN

ALLT)Y = BROIVIRACD

ZALIAYE pln

CONYERTLOZAL SIANDAPD TINF AHND TRMESOLARTIMET O H O U R SLMINUTES

Metdy = TLT000

VO Y = CASecTLT 0 oo ) v

KCJd 2 Le!

L D= (B0 LST=K{J e S
CONVERTSOLAFRARNGLEFROMRADIHMSTODEGREES
SA( . J)=SAdJr+HEG

AS JELLASTHEHOURANGLE

HCJ ) = HCJQ)+DEG

CONTINYE

OUTPUTALLDATA| NTABULARRFORN
DO 50 Ia=1,H
ALCTOX=ALO0GCALCT0))

"

WRITE {5,299 MCICG),¥CIO), KCIO0),LLT0Y, RCIODLRRCIO I, XSTDX.RAECTIOY, AL
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(@]

50

300

305

1¢10),3ACIN),HET0)
CONTINUE

NOJTHATHLLIBSERYVATIGHSFROMONE DATEARETABULATED, ENTER
PLOTTINGSECTIONO F T H EPPOGRAN

D O3d%l=y.Y

12 = 12+

SSR{I2) = 2§ ~SA(])

ALLC 125 = ALC T )

CALLBINITT

HEADERLABELF O REACHP L O T

KLM=DATE

Ll KAM2RSOTNY LM, TADED

R TN $3,0, 438, 30, AR ]SHTITH

CONTIHNE

Caie NOTATEC120,0,10, 1RDE

COY/ERTARRAYST OSTANOARLFORMFOR THE PLOTTING PACKAGE
CALL MPTScal 4

CaALL MPTRCTET. N

POINT PLMY

CALLLINEC=")

TRIANGLES FOPd SyYHE0LS

caLL SymeLi2-

BTT HRE ETEHIHIHNDRMAL SIZE

CatL SIZES( . %)

ESTASLISHT H ELIMITSO FTHE v AX1Ss OTHATTHEYA R ECONSISTERNT
CALL DLIMYIO , 80D

SIMILAR.Y:T HEXAXIS

CALL D LI E 88,290

PLATT H EARRATS. . ALBEDOV S . TRUESOLARTIME
CALL CHECRKITST.AL?Y

ca_L DSPLAY(TST, AL )

GET HARDCORY

calt HDOORY

EKASET H ERCREEH

C ALL NEWPAL

PUT ARRAYSB2ZKINTO THEIR ORIGINALFQRHN
CALL FINITTCO, 7672

Cacl URPTSC AL . )



[4

310

GO TO3%4s
CONTINUE
D 03%281=/,H
0SALY»Y=99.-59(])
SORT YWE DATH
CaLl BSIRTY 54, AL - N
PREPARE FOR THE SECOHD PLNOT
CALL BINITT
TITLE..
£ALL NOTATEC120,4,10,1a0DE
ETC.
CALL LINEC-4)
CALLSTMRLY 3 3
ALl SI1Z2ESc 30
CALl MPTSO%4.:4)
CaLL MPTS{AL, %)
CaLtt DLIMYy -2 50.-0.20)
CALL DLIMEISY. ;99 .
PLOTALBEDDVS. ZENITH ANGLE
CALLCHECK: 33 . A LD
CALL DSPLAY(SH,RAL?
ETC
CaLl HDCOGPY
CALL NEUPRC
cof330
CALLBINITT
CALL NOTATEC 12¢.,90, 10, IADE )
CALL LINEC(-4>
CALLl SYMBLS 1D
CaLtlL STZES: .2
CaLl HMPTS(H.H)
CRLLMPISCZAL,HN?
CALL DLIMY{O., .80)
CALLDLIMX(=-99.,90.)
CALL XUDTHS 3>
CALL ANEATC )
CALLATICS(S?
CARLL CHECK{H ,2ZaL>
CALL DSPLAY(H .,ZaL}



£y

330
11
99

335

340

100
101
200
201

CALL HDCOPY

ENDFILE 2

catL NEWPAG
GOBACKHUPANDINITIATE THE NEXTDAYSDATA
CONTINUE

CONTINYE

CORTINYE

GO TO(3490,315,235.,340),I85UWUTCH
CONTINUE

CALLBINITT

cAaLlL LIME(-4>
CALLSYTHRLIZ : ;

caLtlL SIZES< .39

cALL 85IRT.Sza.aLL., 12)
CALL MPTS{(SSaA.| 2 )

caLl HPTS<ALL . 122

CALL DLINYLD ., 80D
CALL DLIMXIS9 . ,90.)
CALL CHECKISSah,aLl>D
CALLDSPLAY SO, ALL:
CaLl HDOOFY

CONTINUE

CALL DONEPL

STOP

FORMATCIF3. 0. F4 0, F5 0. FI. 0. 7X,A10.1X,4F3 0)
FORMAT(ZF2.9:2F6.0,F4 2.14,F4 2,54N,11)
FORMATC2(5X,12,7¢’,12),7F14 49

FORMATC(! TST LST RAWREF.
1INC. RED. INC. ALBEDD SOL.ALT.
2°'))

20 2FORMATC 1,104,220

END

RED.

REF.
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