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Measurement of all-wave and spectral albedos of
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ABSTRACT. All-wave albedo and spectral albedo data were collected over snow-
covered pack-ice [loes during summer 1999 {January and lebruary} in the Ross Sca,
Antarctica. Temporal variation of the all-wave albedo and spectral albedo was measured
[rom the northern edge (o Lhe southern edge of the pack ice along three lines ol longitude:

1657 W, 1507 W and 135° W, Snow depth, snow- LO\LJ. stratification, snow-temperature
profiles, and grain-size and mmphulm.,\ were also documented. Tt was observed that
daily-averaged albedos were 0.70-0.86 tor cloudy conditions over the pack ice. Only 1wo
sets of dailv-averaged albedo were collecled for cle ar-sky L‘ml(l'lllmn ((0.788 and 0.825).
Albedo was lower at the marginal edges of the pack ice than in the central pack ice.
Albedo was higher over the southern part of the central pack ice than over the northern
part. Clear- and cloudy-sky albedos measured on the same site indicate that the average
increase in albedo due to clouds is 1.4% {maximum 4.0% 1. Spectral albedos of the pack-
ice Mloes were similar under clear-sky and clondy conditions. Both arc mainly controlled
by the snow gram-size, especially in the op snow layer. All-wave albedos derived [rom
measured visible and near-infrared spectral albedos. with extrapolation to ultraviolet
and shortwave infrared regions for both clear- and cloudy-sky conditions, agreed well

with all-wave albedos [rom direet measurements.

INTRODUCTION

Spectral albedo is the ratio of
irradiance reflected by the surlace of snow and sea ice o
the downwelling incident spectral irradiance au the surlace.
All-wave albedo is the integral of speciral albedo over the

the upwelling spectral

whole solar spectrum. It is a major variable controlling the
energy budget of sca dee, and an important tuning
parameter in modeling sea-ice—atmosphere interaction and
global warming. Any reduction of the surface albedo means
more absorption ol solar radiation. which tends 1o increase
the temperature al the surface, Absorption of shortwave
radiation can result in internal meliing and an increase of

lquid-water content, changing the surlace charactensiics

and internal structure of the snow cover (Grenlell and
Mavkur, 1977
radiation is metamorphosis of snow crystals, which results
in larger grain-size and a decrease in number density of the
snow grains. All of these factors will contribute to the

Accompanying the absorption ol solar

decrease ol snow albedo.

The all-wave albedo ol open occan is much smaller than
that of the snow and sea-ice cover. Approximaltely 85-95%
of the incident solar radiation is absorbed by the open
ocean, while 30-30% or less is absorbed by a snow and
seasice cover {Washington and Parkinson, 19861 T'hus,
during the sumincer scason, a reduction ol snow and sea-ice

albedo duc to snow metamorphosis and possible removal of

the snow cover enhances the absorption of solar energy. This
results in thinning and breaking-down of ice (locs. and
possible reduction ol ice concentration and e extent, which
will further reduce the arca-averaged albedo. On the other
hand, an increase in surface albedo due o li't.‘L.‘:dilIg MEeans
more solar energy is vellected back 10 the atmosphere,

resulting in less input of energy into the sca ice or ocean.
This results in a higher probability of more reezing of
ocean water in polar regions, and an increase in the arcal
ice coverage and possibly snow and sea-ice thickness, which
will produce a further increase i the arca-averaged albedo.
The positive teedback of the surlace albedo to changes in
atmospheric conditions makes the snow and sea ice in polar
regions an important subject for weather prediction and
global-warming studics.

In summer, the Arctic and the Antarctic have different
patterns of sca-ice and snow decay (Andreas and Ackley,
1982; Fetterer and Untersteiner, 1998), In the Arclic, melt
ponds form as snow melts and meltwater accumulates on
the ice surface, Decay of snow and ice 1s mainly from the
top of the cover, In the Antarctic, melt ponds are rarely
‘Arcrowski, 1908 Wordie, 1921; Spichkin, 1967;
Ackley. 19795 so the surface albedo ol Antarctic sea ice s

observed

close to the tvpical albedo value of snow-covered ice all vear
around. Antarche sca-ice albedo shows large variation due
to the spatial complexity and variabality of the surlace even
within the same region,

Although many albedo studies have been carried out in
the Arctic [Hanson, 1961 Chernigovski, 1966; Langleben,
1969, 1971; Grenfell and Maykut, 1977; Grenfell and Perovich,
1984; De Abreu and others, 19957 and Antarctic { Liljequist,
1956; Hanson, 1960; Hoinkes, 1960; Weller, 1968: Kuhn and
others, 1977; Carroll and Fitch, 1981; Yamanouchi, 1985
Allison and others. 1993; Grenfell and others, 1994, the data
obtained arce not sufticient for a global study. The processes
allceting the snow surface albedo are still only qualitatively
known, and the available albedo data on regional and

temporal dilferences are too sparse to validate albedo-
modeling eflorts [ Telterer and Untersteiner, 19981 Most of
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the albedo measurements in Antarctica are from continental
sites. There are few datasets of all-wave and speciral albedos
available for the Southern Ocean {e.g. Allison and others,
1993}, and cven fewer for the West Aniarctic sea ice, includ-
ing the pack ice in the Ross Sca. Consequently, an attempt
was made (0 measure the albedo during a summer cruise on
board the ULS. research vessel Muthaniel 3, Palmer in the Ross
Sea in January and February 1999, Other parameters such
as snow surtace temperature, snow depth and snow grain-
size were also routinely measured. In addition, onc or two
snow pits were dug at each of the ice-floe stations, and pre-
cisc measurements of snow depth, stratigraphy, density,
grain-size and morphology, salinity and temperalure were
recorded { Morris and Jeftries, 2000

STUDY AREA, INSTRUMENTATION AND METHODS
Study area

The cruise route is shown in Figure 1. The sca-ice cover in
the Ross Sea 15 primarily first-year pack ice. Sca ice and its
snow cover were used as the primary platform for albedo
measurements. Temporal variation of the all-wave albedo
and spectral albedo was measured from the northern edge
to the southern edge of the pack ice along three lines of
longitude: 1657 W, 1507 Wand 135 W. Albedo measurements
were carried oul on 24 first-year ice-floe stations and one
land-fast ice site {station 9).

Instrumentation and methods

The all-wave albedo and speciral albedo data discussed in
this paper include data for both cloudy and clear-sky
conditions. Almost all the measurcments were carried oul
under cloudy sky conditions: only two scts of albedo data
were oblained under very. clear-sky conditions (stations 3
and 95 Downwelling solar irradiance was measured together
with the all-wave albedo. Most measurements ol all-wave
albedo and spectral albedo were carried out from 1000 (o
1600 h local solar time when the solar zenith angle was smal-
lest. T'his choice was optimal for the measured results since
the uncertainties of both measurement and model calcula-
ton are mimmized {Schwander, and others, 1999). As the
all-wave albedo generally varies considerably with Lime,
depending on the cloud conditions {see next subsection), the
two computers wsed for spectral albedo and all-wave albedo
measurements were synchronized daily with the well-cali-
brated GMT clock on the ship. Datasets were time-stamped
so that comparisons between the all-swave albedo retrieved
from the spectral albedo and the all-wave albedo measured
directly were possible.

All-wave albedo

The total albedo {or all-wave albedo) was measured using
two EPPLEY broadband, precision spectral pyranometers
(PSPt whose wavelength sensitivity was 200—1000 nm.
The two pyranometers were installed in the middle of a
slender 22 m long aluminum bar and suspended about
L4 m above the snow surface. Ninety-nine per cent of the
upwelling irradiance received by the downward-looking
pyranometer was from a ground field of view [GFOV) of
20m. The glass domes of the pyranometers were cleancd
hefore each deployment, As the results from the pyran-
omelers are sensitive to the level of the instruments, care
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Fig. L The cruise track of R/V Nathaniel B. Palmer and
albedn station locations during a summer cruise in the Ross Sea
{ January and February 1999). See Table 1 for corresponding

deys of year.

was laken (o keep both pyranometers level. One PSP
measured the downwelling irradiance, and the other the
upwelling reflected irradiance. The iwo pyranometers were
simultancously scanned every second, and the data saved at
time intervals ranging from one second to several minutes,
depending on the deplovment period. using a CRIDX
datalogger. The save-time interval (ST1) was generally 20—
G0 s during our measurements, although a 1s interval was
sometimes used to study temporal variations of the all-wave
albedo with high temporal resolution. The data stored were
the average of the scans during the STL

Time series of downwelling solar irradiance (F ()]
were derived [rom the upward-looking pyranometer by
converting the direct readings of voltage to flux units
(Wm )I Likewise, the upwelling irradiance (Fj(£)] was
obtained from the readings of the downward-looking
pyranometer, 1.c.

Vu(t) Vi(t) ..
Fit)=——, Flt)=——, 1
1(2) 5. %) S, (1)
where V(1) and Vi:{t) are the time series of the readings in
units of millivolts {mV) from the downward-looking and

upward-looking pyranometers, respectively, and Sy and
Si: are the sensitivities in units of iV W m? of the down-
ward-looking and upward-looking pyvranometers, respecl-
tvely. Thus the time series of all-wave albedo {a(t)) were

ohtained [rom
Fi(t)  Volt) Sr :
aft) ==~ =—"—"+ —. (2
. It V() Sp 2)

Spectral albedo

Spectral albedo in the visiblenear-intrared [VNIR) region
was measurced using a high-spectral-resolution, fiber-optic
spectroradiometer manufactured by Analytical Spectral
Devices, Inc. (ASD). The scnsor measures spectral
refllectance and spectral radiance between 33365 and
10649 nm in 312 channels, with a spectral resolution of
3 nm. The speciral albedo was measured using a flux sensor
{or a remote cosine receptor [RCR in the manufacturer’s
terminology] connected (o the spectroradiometer by a



Nher-optic cable. The base of the RCRK had two built-in
hubbles [or horizontal alignment of the receptor. The RCR
was mounted at onc end of a slim level bar {about 60 cm
long], with the other end attached to a tripod so that the
receptor was about 40 cm from the snow surface. However,
for most of the measurements of upwelling irradiance, the
bar was held by hand with the RCR about 30 cm above the
snow surface. Care was taken w insure that the RCR
remained level during measurements of downwelling
irradiance or upwelling irradiance. The spectral noise
values — the elecirome nose level ol each ol the 312 silicon
photodiode  detectors of the spectroradiometer - were
collected before the sensors were exposed to any illumi-
nation, and were automatically subtracted from the data
during the measurement. The spectral albedo was acquired
by measuring the downwelling irradiance, followed
immediately by measuring the upwelling irradiance using
the RCR. Datascts were recorded by a mini-computer that

was attached to the spectroradiometer, "lo reduce system

errors and errors caused by the fluctuations of the radiation
field, several samples [each being the average of 10 scans}
were collected for both upwelling and downwelling spectral
irradianccs.

For a Lambert surface, 99% of the upwelling irradiance
that the cosine sensor receives comes from angles bhelween (°
fmadit} and 827, e, within a GFOVol 2.135-2.846 m radius for
a helght of 30-40 ¢m above the surface. As the RCR optic and
level bar are small and the level bar was always pointed
towards the solar azimuth under sunny conditions, shadowing
cffects should be negligible. For a height of 30 40cm, 89.4
83.2% of the upwelling irradiance the RCR received was rom
the central pari of the GFOV, with minimal shadowing cflect
[rom personnel. The shadowing cllect due to personnel is esti-
mated to be LI-18% under overcast sky conditions.

Snow surface temperature

As the top Sem ol the show largely determines the albedo
i Grenfell and others, 19943, the skin temperature on the snow
surface was measurcd using a non-destructive method, an
Excrgen Model D-501-RS Infrared Microscanmer (L1 and
others, 1999116 ehminate the effects of sky temperature and
the surface r:miksi\-’ily on the lemperalure measuarement, the
head of the scanner was placed very near, but not rouching,
the surface o protect the sensor. This formed a black-body
cavity hetween the snow surtace and the surface of the micro-
scanner, so that the measured temperature 15 the physical
temperature of the skin of the snow surface, The microscanner
is precise { LO17CH and quick in acquiring skin-temperature
data. Skin-temperature data discussed in this paper are exclu-
sively from the microscanner.

CHARACTERISTICS OF SNOW SURFACE ON THE
SEA ICE

Pack ice in the Ross Sea is covered by snow all year around.
Even in summer, new snow was obscrved to fall on top of the
old snow, although it metamorphosed very quickly under
solar irradiation. loy layers, melt clusters and ice lenses were
ubiquitous 10 the snow cover due to melt and relreese cycles.
During the 1999 summer cruise, 25 ice (loes were extensively
examined and more ice loes were checked visually from the
ship’s bridge during the hourly ice obscrvations: no melt

ponds were obscrved. The conspicuous rotten cdges of
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Table 1. All-wave albedo in eastern Ross Sea [ albedo data in
parentheses are for clear sky )

Leg  Sration No. Fosition Afl-waze atbedo
{ D Novj Azerage Min, M.
Lirst G875, 165" W 0700 (6142 1721
I~165" Wi 65975, 163" W 76S 0.741 (L808
TS, 63T W 0754 .729 0771
0754 1752 0.825
COFR0I0788] 07810788 0.82000.789
0774 (0,747 0800
710 04532 (114 (1855
6357 W
g 88, 0,740 .06 078l
16447 W
Second Gils TWUSIBLETW DRET) IR 0.8300
SABOTWT 00 TS 1507 W 0838 0.760 0.886
11 {13 0.816 0.785 0.855
0.822 0795 0461
178, 1507 W (L8453 0.529 0863
708 1507 W L8842 0.783 04871
GY7 8, 1507 W 0778 0.765 0799
GRS, 1507 W 0766 0.725 nan2
130" W 0751 (681 0777
GHTS, 11997 W 0597 0774 0537
Third S I W 0765 0747 0779
I3 W TIUS 1350 W 0751 n.735 0.787
135° W 0813 0.795 0.830
0857 0846 0871
FRGT S, 0421 0772 04844
13497 W
243 US4 W (L3847 012 LA6G7
25 733 TACS, AW 0591 775 0.820

i

almaost all of the 1ce [loes indicate that the decay of the sea
ice occurred at the bottom and lateral edges of the floes.
Temporary wetting of the top snow layer was due to short
periods of surface snow melting by solar heat, or by sea
water splashed up onto the ice floe surface.

The snow surface temperature varied between —0.37 and
—58°C, which is consistent with our ohservation that no slush
or melt ponds were obscrved on the surface of any tloe. The
difference in surface temperature on a single ice floe was as
much as 1.97C on station 11 {13 Januarv), and as hitle as
0.57C on stadon 7 {10 January’ Snow surface temperatures
seemed to be primarily allected by the air temperature [Li
and others, 1999, with no observed correlation hetween snow
depth and snow surlace temperature.

RESULTS OFALL-WAVE ALBEDO MEASUREMENTS
Spatial variation

Daily-averaged albedos at all the stations are shown in Figure
2a. The average skin temperature of the snow surface on cach
floe is shown in Figure 2h, The three scctions enclosed by
dashed lines correspond to the three legs of the cruise {Fig. 1),
The stations at the ends of each leg (stations 1, 8 9,18, 19, 25
were at the margins of the pack ice. Albedos at the margins of
the pack 1ce were lower than those n the cenural pack ice.
The daily-averaged albedos, the Julian dates and the
positions at which they were acquired together with the
variation range are summarized in lable 1. Because clouds
deplete the longer wavelengths, the spectral distribution of
downwelling irradiance 1s altered such that snow albedo 1s
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tig. 2 Daly-averaged all-wave albedo (a) and wrea-
averaged snow surface temperature (b)) vs time and latitude.

generally greater under overcast than under clear sky
iGrenlell and Maykut, 19771 Variations in cloud conditions
can also allect overcast albedos. From the albedo values
shown in 'lable 1, we can sec that daily-averaged albedos
were 0700 0,857, depending on the snow surface conditions
and cloud condiions. The highest value was oblammed at
station 22 {29 January; on.an ice [loe where there was a
sutface layer ol about 0.6 cm ol recent snow, with an average
grain diamerer of about 02mm. The lowest valuc was
obtained at station 1 {3 January] on a relatively small ice
floe (about 20 m in diameteri at the northern edge of the
pack ice. The range in albedo for the pack ice in this region
was similar 1o that obtained [rom the frsi-year sea ice in
East Antarctica [0.65—-0.85; [Allison and others, 1993}

The relationships between latitude and  albedo  and
between latitude and snow swrface temperature of ice floes in
the central pack under cloudy skies are shown in Figure 3
data rom the most southerly and northerly ice stations
fstations 1,8;9,18; 19, 25] along each of the three legs, and data
taken under clear-sky conditions isiation 107 are excluded.
Measurements at station 3 included bath elear and cloudy
periods, The albedo shown in Figure 3 tor this ice tloe is the
averaged value over the cloudy period of time. It can be scen
that the albedo increases with latitude (g, 3ai, while snow
surlace temperature decreases with latiude {Ig 3hi The
higher albedo al the more southerly stations is associated with
the lower snow-surlace temperatures and the resulting lower
liquid-water content, together with smaller effective grain-
size in the upper portion of the snow.

Temporal change

A time serics of irradiance and all-wave albedo measured at
station 5 {7 8 January 1999 is shown in Figure 4. From mid-
morning local solar time [ ~1000 hi unol almost noon, the

sky was clear. The measured irradiance increased smoothly
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Fig. 3 Fack-ice albedo and surface temperature values under
cloudy-sky conditions: the binear regression shows the relation-
shiphebiween [ ) average albedn and latitude and (b)) average
snoee sirface temperature and laletude. Stations al lre pack-ice
edge and on land-fastice are excluded from iy analysis.

with increasing solar elevation, but the albedo did not
change significantly, Av 2324 GM'T (1124 h, local time), it
became cloudy, with the clouds moving rapidly over the ice
floe while the snow suwrface conditions {lopography,
temperature, cle) remained almost the same. Clear and
cloudy periods can be separated by the sudden variations
i downwelling irradiance (g 41 Fven before the cloud
covered the site completely, the cloud scattered more light
into the site without blocking the direct solar beam. This

causcd the irradiance to increase slightly belore it decreased

abruptly as the cloud blocked direet sunlight to the site.
When there were variations in the incident radiation due to
changes in cloud conditions, the change in albedo was
exactly opposite to that of downwelling irradiance, i.c. as

—— DxmmwellingFlux

T 078
150 +
50 o+ frrtrtenel .77
TR EEEEEL
HlEGgs o &8 awaiam
7-8 January, 1999 (GMT)

Fig. 4. Time series of downwelling irradiance and all-wave
albeds measured on 78 January I999 during cleay- and cloedy-
sky conditions. The station was located af 72700106 S,
I6F 05242 W, he snow depih was about 59 cn.



downwelling irradiance increased, albedo decreased. The

average irradiance and albedo during the period of most
stable clear-sky conditions 22:30 2300 GMT) and during
the cloudy period are shown in ‘lable 2. along with the
irradiance luctnation ranges during the two periods. From
Table 2, we can see that the downwelling irradiance

deereases by almost 23% due to the clouds, The increase of

the average albedo duc 1o clouds is aboul 14% relative to
the average clear-sky albedo. 'The largest increasc in albedo,
which corresponded to the thickest cloud cover during the
data acquisition, is 40%. The increase of albedo due 1o
clouds is a strong function of the cloud type, coverage and
thickness {Grenfell and Maykut, 19771 Although these
values are smaller than those obtained by Liljequist 1956}
at Maudheim (5-10%, Hanson {1960} at the South Pole
i5-7% and Weller (1968) at Mawson {11%, they arc
reasonable, considering the broad temporal and spatial
variability of the cloud coverage and thickness.

EVALUATION OF MEASURED ALBEDO AND
SPECTRAL ALBEDO

Measured albedo compared to calculated all-wave
albedo

To make sure that the measurements of solar radiation for
the albedo caleulation are reasonable, we compared the
measured values with model calculations. The clear-sky
measurements taken at ice staton 9 12-13 Januarvi were
used [or this analysis. This station was the southermmost
station of the eruise and also the only station on land-last
ice. At the beginning of the station occupation, the air
temperature was —3.1°C and the snow surlace wemperature
was 407°C. The downwelling trradiance and all-wave albedo
are shown in Figure 5 The downwelling irradiance
decreased continuously until the end of the measurements

620 1.0
610 1 - 09
o 60 - 08
£ o7
Z 590
; F06 &
§ 580 - 05 E
& | =<
’g 570 1 —— Measured Mux i
'E 560 4 «  Calculated flux {tau=0) - 03
« Culeulated Mux (tau=0.08) - 02
550 1 - 0.1
—— Albedo .
540 p o A s Ty 0.0
E3I358§8g§88¢g88¢"
PESEC8E55886E8EE8R
g ReSEc s SS e s S 2SS
12-13 January, 1999 (GMT)
Fig. 3. Tume series of downwelling iriadiance and all-wave

albeds measured on 12+ 13 Jannary during clear-sky conditions.
Also shown are calcwlated trradiances with atmospheric eitens-
ation { 7 =0.08] and without almospheric altennation (7 =0),
The station way lacated af 76701287 S, 15317 16012 W with a
multi-year snote cover about 134 em thick. The excellent agree-
ment helioeen measured and calenlated (7 =0.08) irradiance
makes differences between the fo curves almost indiscernible,
Albedo remaned relatively constant wntil the last thivd of the
period. when it decreased stightly from 0.828 lo 0.8H.
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Table 2. Dowwweelling irradiance and albedy Jor dear and
cloudy periods, 78 January 1999

Sy condiiton Frradiance Afbed
Average Range Average Rewpe
Wm W 7
Clear 5 FH~F70 0788 0.788~0780
Cloudy 580 335 ~896G 0799 0784~A820

as the solar elevation angle decreased after local noon.
However, the albedo did not change significantly. During
the last third of the measurcment period, the alhedo
decrcased slightly.

Because the aumosphere was clear, we used a simple
solar-zenith-angle modcl to caleulale irradiance values for
this time period o test the correciness of the irradiance
measurements. Supposing at starting time #y the theoretical
value of downwelling irradiance £(1y) is exactly the same
as the measured value I (). then for any time # later, the
theoretical irradiance value is
cos|#(t))] r

) —“'"’_]'.—s"'"i S
cos|0(ry)] .\("U)e*p{ Tlsee” (1) ec 0Ly}

cosld(t) . =
= cf:):s[[()(iu}n F (tg)exp{—r[sec "0(#) — sec™'0(1,)]}.

HOE

(3)
where (1) is the solar zenith angle at time 4. and 7 is the
apparent bulk optical depth ol the clear-sky atmosphere.
Based on the results of Wendler (19867 and Li and others
(1987, 7 was chosen (o he 0.08. The solar-zenith-angle
model devised by Woolf' (19681 was used 1o calculate the
temporal variation of the solar zenith angle. The results of
the calculated surface solar irradiance with and without
atmospheric attenuation are compared with actual meas-
urements in igure 5 Tor the case of no aumospheric
attenuation (7 = 0). the maximum deviation of calculated
from measured surface solar rradiance is 143% and
occurs al L2740 GM T'on 13 January when the measured
value is 548 Wm  and the caleulated value is 556 Wm 2
Tor the case 7 = 0.08, the maximum deviation ol cal-
culated from measured surface solar irradiance is 0.26%
and occurs at 1:22:00 GMTon I3 January when the meas-
ured value is 534 Wm © and the caleulated value is
552 Wm ~ This comparison demonstrates that even using a
simple ] Jp:'('axinmlion thereis gc_)o(l agreement between meas-
ured and calculated values, especially when the atmospherie
attenuation is considered. Nevertheless, an effort is being
made to model albedo using a more complicated radiative
transfer method.

Comparison of all-wave albedo and spectral albedo
measurements

Spectral albedo oyt was measured simultancously with
all-wave albedo. In order 1o determine how well these two
sets of measurements agree, all-wave albedos derived from
speetral albedo data were compared o the measured values.
First. the spectrally averaged visible and near-infrared
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(333.65 10649 nm] VNIR albedo (o] was oblained

rom

LUG1.9 l 312
coFpdA Y wF AN
343,65 i 1
ynir 10619 - Ta1o H [ }
| Flda Y FAN
393,65 =1

where ¢, F_,:] and A); are the albedo, downwelling irradiance
and bandwidih of the éth channcl of the 312 channels of the
spectroradiometer. The all-wave albedo ay, can be estimated
through integration over the measured VNIR spectral albedo
with extrapolation to the unmeasured spectral regions flor
clear-sky conditons:

331 1)
it = J Fi‘ gng A + I FyondA
280 434 =
2000 4000 (3)
" yogn + 0.07
+ J FXW:M / [ F dA,

1060 750

where oy = gy 15 assumed  for A < 334nm and
oy = (arypgy + 0.07)/2 is assumed for A > 1060 nm {Allison
and others, 1993, Other values of a within A € [334, 1060]
are the measured spectral albedo, and o, = 0.07 is the
albedo of open water, Equation (5] provides a methed for
deriving iy from the measured spectral albedo when the
proportions of the downwelling irradiance in the nliraviolet
(UV), VNIR and shortwave infrared [SWIR} spectral
regions are known. The proportions of downwclling clear-
sky spectral irradiance in different wavelength regions were
calculated using the radiative transfer algorithm of Stamnes
and others {1988},

‘lo derive the all-wave albedo from the measured spectral
albedo for cloudy conditions, the proportion of the down-
welling SWIR irradiance was calculated by subtracting the
UV and VNIR irradiance [rom the allwave irradiance.
Compared with near-inlrared radiation, the effect of clouds
on the UV radiation is negligible, so the spectral irradiance
F'){ in the UV wavelength region 280-334 nm was taken to
be the corresponding clear-sky downwelling spectral irradi-
ance calculated using the radiaive transfer algorithm
{Stamnes and others, 1988, Within the VNIR wavelength
region, we used the measurements from the ASD spectro-
radiometer. The all-wave downwelling solar flux  was
measured by the upward-looking pyranometer (PSP} “lo
account for the difference in the sensitivities between the PSP
pyranometer and the ASD spectroradiometer, we defined
instrument-dependent parameters s, and w3 to relate the
measurcd downwelling solar irradiance F75 and spectral
irradiance F ){.,-\:'m with the theorctical spectral irradiance
F;, derived from the radiative transfer model for clear-sky

conditions:
1060
FPSP | Fy aspdd
e oy A 6
1= oo T T e | )
[ Fida [ Flda
250 334

For the ideal case, k1 = 2 = L. For the pyranometer and the
spectroradiometer, we used &) = 1128 and ko = (1883, as
obtained using a clear-sky casc at station 3 (8 January].
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Fig 6. [a) Spectral albedos measured under clear-sky condr-
tions af station 3 (8 January) and station 9 (13 FJanuary ).
(b} Spectral albedos measured under cloudy conditions al
station 0 (14 January | and station 12 (16 FJanvary ).

Then the cquivalent of Bquation (3] takes the form for the
gencral cases,

N2 |
FA
Yy, = H10Es31 ng dA
250
160 -
o Fy aspa e (er1ge0 + 0.07) (7)
Ko FTSP 2
134
ESE) Fl Luga .l
. ) . ASD
280

a4
Here "=" should be "-". |

Spectral albedos obtained under clear-sky conditions at
station 5 (8 January) on pack ice and at station 9 {13 January]
on land-fast ice are shown in Figure 6a. Spectral albedos
ohtained under cloudy sky conditions at station 10 (11
January! on central pack ice and at station 12 {16 January}
are shown in Figure 6h. The snow characteristics, solar zenith
angle and alhedo values are summarized inTable 3.

Austation 5. the snow surface was made up of melt clusters
ranging from 0.3 to 0.6 mm, with an average grain-size (D) of
0.4 mm and snow densily p =320 Mgm ° for the 6 cm thick
surface layer. Ausiation 9, the snow surface was wind-packed
and icy and made up of 0.l mm snow grains. No snow-density
data are availablc at this station, Alithough the sky was clear
when the spectral albedo was measured at stations 5 and 9, it
was much clearer al slation 9 than at station 5 {see Tigs 1 and
5. There was a very thin but stable layer of cirrus clouds at
station 5 during the clear period in the day. From Figure 6a
we can see that the spectral albedo was smaller at station 3
than al station 9 until the wavelength exceeded 994 nm. 'I'his
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Table 5. Suow paramelers and reirieved albedoy Jor selected
sites where spectral albedo was measured

LParametery Clear shy Cloudv fy
Stalton 3 Stattond  Stalien 10 Staiton 12
Surface temperature 0 1.5 =40 -3 14
Snow depth {em) 39 154 24 22
Snow grain-size (mmi 1.1 (Ll 3 10 02
Snow density (M gm q (1.52 .53 .30
Solar wenith angle {7 all 3 il A
¥y i 0.547 a2 (800 0.820
¥y 0773 DTS [LE3E (746
¥ (788 (hH2Y (L8354 Q818
A — Qi — 1k 0.05% 0063 (L0066 0002
An = oy — @ 0000 0052 .00 0032
B3 = i — i 0071 0085 .062 0031

was mainly due 10 the smaller grain-size [D =01mm} at
station 9 { Wizcombe and Warren, 1980; Doser, 1989,

The surface of the ice floe at station 10 was rough. Snow
depth across the floe was horizontally very inhomogencous,
ranging from 3 to 60 em, The grain-size of the top Lem layer
was D =03 mm, with coarse-grained snow (D = 1mm)
dircctly below. Average density for the surface layer (6 cm)
was 330 Mg m . The snow surface of the ice (oe was Jatter
at station 12 than at station 10. On the very top of the snow
cover was a 0dcom thick laver of recent snow with
D =02 mm, under which was a cemented icy layver of 3 cm
with D =06 mm. Under the 1oy laver were clusters of
rounded particles with [ =1 mm. The averaged density of
390 Mgm *.T'he larger spectral albedo

the upper Gom w
at station 10} (Fig. 6b) 15 mainly due to the finer grain-size
(D =02 mm; ol the top layer.

Derived all-wave albedo values [y,
and {7} for stations 3, 9, 10 and 12 arc listed inTable 3. The
differences between e and gy are smaller [34-6.2%

sing Equations (3
£ )

under cloudy than under clear-sky conditions {74 95%;
because the SWIR proportion was smaller under cloudy con-
ditions. For example, at station 10, the SWIR accounted [or
only 76% of the wtal downwelling irradiance, but at station
3 where the sky was clear, the SWIR accounted for 19.1% of
the total downwelling radiation.

The difference between the measured all-wave albedo
and those derived from measured VNIR spectral albedo is
within £3.2%. Since all-wave albedo and spectral albedo
were measured on the same ice oes, vet at separate locations,
these results scem reasonable given the uncertaintics assocl-
ated with spectral extrapolation.

CONCLUSIONS

The current investigation has focused on regional all-wave
and spectral albedo measurements of the snow cover on the
austral-summer sca ice in the Ross Sea. No obvious corre-
lation between snow thickness and skin temperature ol the
snow surface emerged from our data. Snow surlace tempera-

Li and

ture was primarily correlated with air temperature
others, 19949,
The measured all-wave downwelling irradiance agreed

well with a simple approximation using solar zenith angle
and bulk optical thickness for clcar-sky conditions. Measured
irradiance has not been compared with calculations for over-

Lhow and athers: Albedo of snow -covered summer sea ice, Ross Sea

cast conditions, due to lack of quantitative cloud-cover data.
Albedo varied greatly (070 0.86) between different places in
the Ross Sea.'T'his large variation in albedo was also observed
in the (rst-year pack ice in Last Antarctica (065-0.83). Clear-
and cloudy-sky albedos measured at the same site indicate
that the average increasc
largest increase being 4.0%.

due 1o clouds 15 14%,, with the

All-wave albedos were observed 10 be lower at the
margin of the pack ice than in the central pack ice. Over
the central pack ice, it was observed that the higher the lati-
tude, the lower the snow surlace temperature and the higher
the all-wave albedo.

There was no major difference between spectral albedos
under clear-sky and cloudy conditions. Both are mainly
controlled by the snow grain-size, especially the snow
grain-size of the top snow layer. All-wave albedos calculated
(rom direct measurements of all-wave irradiance agreed well
with those derived from integration of visible and near-inlra-
red spectral albedos which included extrapolation to UVand
SWIR regions [or both clear- and cloudy-sky conditions.
This indicates that our all-wave and spectral albedo meas-
urements are reliable.

ACKNOWLEDGEMENTS

We are very gratelul for the logistical support furnished by
the US. National Science Toundation {NSIF) and the
Antarctic Support Associates personnel on board the RV
Nathaniel B. Palmer. We also sincerely appreciate the support
ol M. O JelMres, Ghief Scientist of the NBI'99-1 cruise, who
always allowed us 10 be the lirst to occupy the ice Hloe before
other activitics which might have disturbed the surface of
the snow and sca ice. The helplul comments of GoA.
Maykut, S.G. Warren and another anonvmous reviewer
are very much appreciated. This work was supported by
NASA under grant NAGH-6338 and by the NSFunder grant
OPr-9611811.

REFERENCES

Ackley, S EF 1979, Mass-balance aspects of Weddell Sea pack ice. ¥ Glaciol,
24605, 341403,

Allison, T, R, E. Brandt and S, G, Warren, 1993, Last Antarctic sea ice:
albwedo, thickness digtribution, and snow cover, J Geaphys, Res., 98{C7).
12417 12424,

Andreas, . T and 8 F Ackley, 1982, On the dillirences in ablation seasons
of Arcric and Anrarctic sea ice. J Afmas Ser, 39021, 440-447,

Arctowsky, 111908, Les glaces: glace de mer et haneui
du S Belpica en 1897 1598 1895 Rafipoits Selent),
Jo L Buschrnanm, 3-55. [ Transl. NTTS AT 8813

Carroll, I T and BW, Fich, 1981 Litects of solar elevation and clondiness
on siow albedo at the South Pole, § Geoplos, Rer, 86,061, 5271 5276,

Chernigovski, N.T. 1966, Radiational properties of the central Arctic ice
cover. fn Fletcher, O, B Reller and 8 M. Olenicoll, eds, Soodet deta on
the Arctic heat budget and tis elimatic inflwence. Rand Corporation, 13-175,
Research Memarandum RM-3003-PR.

De Abreu, B AL DG Barher, Ko Misurak and F.F LeDrvew, 1993, Spectral

albedo of snow-covered first-year and multd-vear sea ice during spring

T Resufls du vopage

Tges. Vol 30 Antwerp,

eel. Thevry and applications of vptical semote sensing. New
and Soms, 527047,
s 1998, Observations ol melt ponds on Arctic

L2821 24835

Grenlell, ! I'he oprical properties of ice and
snow 1 the Arete Basing § Glaciol, 18800 +15 163.

Grenfell, T CLand DKL Perovich., 1984 Spectral albedos of sea ice and
incident solar ireadiance in the southern Beaulort Sea, 7 Geophys, Res.,
8901537, 3373 3380

273



Lhow and others: Albedo of snow-covered summer sea ice, Ross Sea

Crentell, T. C., S, G Warren and P C. Mullen, 1994, Rellection of solar radi-
ation by the Antarctic snow surface at ultraviolet, visible, and near-infra-
red wavelengths. J Geoplos. Res., 990 DO 18669 18,684

Hanson, K. J. 1960, Radiation measurements on the Antarctic snowfield, a
preliminary report. 3 Geaphys. Res.. 65033, 935 946,

Hanson, K. ]. 1961 The albedo of sea-ice and ice islands in the Arctic Ocean
hasin. Awctic, 1455, 188 196.

Hoinkes, H. C. 1960, Studics of solar radiation and albedo in the Antarciic
Little America ¥V oand South Pole. 1957581 Awel. Meteorol. Geopins.
Bioklimatsl., Ser. B, 10{21,175-181

Kuhn, M., L. 8. Kundla and T. A, Stroschein, 1977 The radiation budget at
Plateau Station, Antarcrica, 1966 1967, fn Businger, J. A, ed. Meteorofugical
studies al Platean station, Antaretica. Washington, DC, American Geaophysical
Union, 4173, { Antarctic Research Series 25,

Langleben, M. P 1969, Albedo and degree of puddling ol a melting cover of
seadee, ) Glaciol . 8154, 407412,

Tangleben, M. P 1971 Albedo of melting sea ice in the southern Beauntort
Sea. J Glaciol., 10581 101 104

Li, 5., 7. Wan and ). Dozier. 1987. A component decomposition model for
evaluating atmospheric effects in remote sensing, J Electromagn. Waver
Appt. 101,323 347,

Li, S X, Zhou and K. Morris, 1999, Measurement of snow and sea ice
surlace emperarire and emissivity in the Ross Sea. fu JGARSS "9, 194
International Gesscienee and Remude Sensing Symposiwm, 28 Fane-2 Juby 1999,
Hawiburg, Germany, Proceedings. Tal. 2. Tiscataway, NJ. Institute of Electrical
and Electronics Engineers, 1034 1036

Liljequist, GH, 1956, Lnergy exchange of an Antarctic snow-field. Shori-
wave radiation [ Maudheim 71705 8, 10°56° W Norwegian—British Sweedish
Antaretic Expedition, 1945952, Sci, Resuits 11 Part 1A

Morris. K. and M. O, Jellrics. 2001, Seasonal contrasts in snow-cover charac-
teristics on Ross Sea ice (locs, Ann. Glaciol, 33 fsee paper in this volume .

Schwander. H., B. Mayer, A. Ruggaber, A, Albold, G. Seckmever and P.
Kocpke. 1999. Method w determine snow albedo values in the ultravioler
for radiative transter modeling. Appf. Ope.. 38(18:. 38693875,

Spichkin, V. A, 1967. Role of evaporation in the surface ablation of sca ice.
Sovetskaia Antarkticheskaia Ekspedivsiia, 1955, Sai. Anfarct, Exped. Inf
Bull 6,16 17 Transl. from faform. Byuil. Soe. Awtarks, Eksped. 55,

Stammnes, K., 8.-C Teay, W, ). Wiscombe and K. Jayawceera, 1988, Numerically
stable algarithm for discrete-ordinate-method of radiative transter in multiple
seattering and emitring layered media, dppd O, 27712), 2502-2500,

Washington, W, M, and C. L. Parkinson, 1986, An introduction to three-dimen-
sional eltmate mudeting. Mill Valley, CA, University Science Books,

Weller, G. 1968, Heat-energy transfer through a lour-laver system: air, snow,
sea e, sea water. J Geopdiys, Res. T30 1209 1220,

Wendler, G, 1986. The “radiation paradox” on the slopes ol the Antaretic
continent. HPofarforschung, 561121, 33—41.

Wiscombe, W, J. and S. G. Warren. 1980. Solar and infrared radiation calcu-
lations for the Antarcde Plateau using a spectrally-detailed snow reflec-
tance maodel. e International Radiation Spmposium. Tort Collins, CO.,
Colorado Srare University, 380-382.  Volume of extended abstracts,;

Wooll, H. M. 1968, On the computation of solar elevation angles and the
determination of sunrise and sunsct tmes, NASA Tech, Meme, X-1646.

Wordie, J. M. 1921, Shackleron Antaretic Expedition, 199 1917 The natural
history of pack ice as observed in the Weddell Sca. Tans, R. Soc. Edinbureh,
52,705 820

Yamanonehi, T 1883, Variations of incident solar flux and snow albedo on
the solar zenith angle and cloud cover at Mizoho Station, Antarctica. ¥
Meteorol. Soc. Jpn, 6116), 8798493,






