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ABSTRACT. The relationships between accumulation and microwave emissivity in
the dry-snow regions of the Greenland ice sheet are studied with special focus on hoar
[ormation. With the use of a discrete-ordinate radiative-transfer model, the relative con-
tributions of hoar and accumulation to microwave emission are examined. The results
show that the link between microwave emission and accumulation rates in the dry-snow
area of the Greenland ice sheet is significant; however, the emissivity is also dependent on
the extent of hoar development. As a result, accumulation estimates based on passive
microwave observations in the low-accumulation dry-snow areas will require successful
parameterization of hoar formation. Furthermore, the increasing Tj, trends that were
observed during the 1980s, which have been hypothesized to be related to accumulation
changes, may be strongly related to variations in hoar development. Other possible
explanations for these observed trends, such as slight surface melt or atmospheric condi-
tions, are also discussed.

INTRODUCTION where T}, is the effective physical temperature of the emit-
ting snow and is weighted by a radiative-transfer function.

The Greenland ice sheet (Fig. 1) plays a major role in Arctic Significant changes in brightness temperature were

and global climates by acting as a topographic barrier to
large-scale air-mass flow and also through its exchange of
energy, moisture and momentum with the atmosphere.
Through its feed-back mechanisms, the ice sheet both con-
tributes and responds to fluctuations in the regional climate
(Dickenson and others, 1987). As a result, understanding the
behavior of this vast expanse of ice in the changing climate
is of great interest.

The current state of mass balance of the Greenland ice
sheet and its variation with climate are not well understood.
Surface melt has shown signs of a significant inerease in
recent years (Mote and Anderson, 1995; Abdalati and Stef-
fen, 1997) and ice-sheet thickness in parts of Greenland
south of 72° N has also been observed to increase (Zwally
and others, 1989). However, little has been done to assess
the accumulation rates in the northern parts of the ice sheet.
It has been suggested that an accumulation signal in these
northern areas may be apparent in the satellite microwave
brightness temperatures of the Scanning Multi-channel
Microwave Radiometer (SMMR) and the Special Sensing
Microwave Imager (SSM/1) (Steffen and others, 1993).

A direct relationship between snow accumulation and

microwave emissivity (£) in the dry-snow regions of the

Greenland and Antarctic ice sheets has been shown
(Zwally, 1977; Comiso and others, 1982; Zwally and Giovi-
netto, 1995). This relationship is manifested in the microwave
brightness temperature (7j,) according to the Rayleigh
Jeans approximation:

B, =i (1)
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observed during the SMMR coverage period in the dry-
snow regions of the ice sheet (Steffen and others, 1993). In
some instances, the average Tj, increased by 18 K in 6 years
(Fig. 2) with the strongest trends located in the northeast
part of the ice sheet, near Tunu and Inge-Lehman (Fig. 1),
where accumulation rates are lowest (Ohmura and Reeh,
1991). Tt has been hypothesized that these trends may be
attributable to interannual variations in accumulation rates
and associated changes in volume scattering and emissivity,
since they are so large and apparently not linked to tem-
perature changes (Steffen and others, 19
between Tj, and accumulation, however, is complicated by
the development of hoar layers within and at the surlace of

. The relationship

the snowpack. These layers strongly affect the overall micro-
wave emission.

In this study, we revisit the relationships between accu-
mulation and microwave emissivity with the additional
consideration of hoar formation. The relative impacts of
cach on the microwave emission are examined using a
radiative-transfer model. The primary objective is to assess
the importance of hoar development in the detection of
snow accumulation from observed brightness temperatures,
and the results are expected to aid in the interpretation of
how temporal changes in microwave brightness tempera-
tures relate to changes in accumulation rate. We also hope
to understand better the increase in 7T, observed in the
SMMR record. This analy
ities rather than brightness temperatures, in order to elimi-
nate the need for detailed knowledge of the temperature

s focuses on microwave emissiv-

structure in the firn and atmospheric conditions. Such
knowledge would be required to calculate Tis: however, for
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Fig. 1. The Greenland ice sheet. Snow-grain profiles were
taken from Inge-Lehman ( Gow, 1971). Tunu was the site of
the 1996 PARCA field campaign_from which snow ~structure
characterestics were also delermined and an automatic weath-
er station ( AWS) was set up. Climatological and accumula-
tion data from this AWS will be used for future model
refinement. Summit is the site from which ice-core data were
provided ( Bolzan and Strobel, 1994),

the purposes of assessing the relative impacts of hoar devel-
opment and accumulation, examining the emissivities is
sufficient. Incorporation of firn-temperature and atmo-
spheric conditions will be the subject of future modeling
efforts as those data become available.

RADIATIVE TRANSFER IN THE FIRN

Emission in the snowpack is governed by the integro-differ-
ential radiative-transfer equation, given as (Comiso and
others, 1982):

T8 =T, B / {s(T')B[T(T')f'I_—T}dT’

1 0 g T
o= f / PO)I(,0) sin@dff Swo(r)) = bdr’

2 T 0 H
(2)

where [(#) is the intensity (energy flux per unit wavelength
per unit solid angle), @ refers to the zenith angle, 7 is the op-
tical depth, £ is the volumetric emissivity, Bis the Rayleigh—
Jeans approximation of the Plank function, 7" is tempera-
ture; wy is the single-scattering albedo, 7" and 87 are the in-
tegration variables for depth and scattering angle,
respectively, i = cos(f) and P(#) is the scattering-phase
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Fig 2. Microwave brightness temperatures for the 18 and
19 GHz vertical polarization of SMMR and SSM/I, respec-
tively, for January 1979 through August 1995 at the Tunu site.
A significant increasing trend is evident between the years
1981 and 1985, which has been hypothesized to be related to
accumulation changes ( Steffen and others, 1993).

function, which describes the angular distribution of the
scattered energy.

Each of the terms on the right side of the radiative-trans-
fer equation represents a specific contribution to the upwel-
ling intensity of the microwave energy from the surface of
the snowpack. The first is simply the transmission of upwel-
ling intensity from a given optical depth, 7, to the surface.
This term accounts for the extinction of upwelling intensity
below the depth of @ medium as it passes through the medium
to the surface (by multiplication by the extinction term,
e~ "/1). The second is the source term, which represents the
contribution of thermally emitted radiation from within the
medium. Included in this term are the emissivity, to account
for the gray body nature of the medium and the extinetion
factor, to account for losses within the medium. Finally, the
third term represents the directionally variable (anisotropic)
scattering of radiation within the medium. This term includes
the phase function, single-scattering albedo and exponential
extinction factor. Assuming independent scattering, the up-
welling intensity is simply the sum of all of these components.

Once intensity is calculated, the emissivity can be deter-
mined according to

Y | (3

L. 2ekT;, )
where Ais the wavelength, ¢, k and T}, are the speed of light,
Boltzmann’s constant and the physical temperature of the
snowpack, respectively. According to the Rayleigh Jeans
approximation (Equation (1)), at microwave frequencies,
the term X'I/2¢k is the brightness temperature.

RADIATIVE-TRANSFER MODEL DEVELOPMENT

The details of the model are discussed in the items below, but
in summary, we developed a 20 layer model (Fig. 2) of the
top 25m of firn at a temperature of 233 K (approximate
winter temperature at the Tunu site). The top three layers
represent 1year’s worth of snowfall, with the middle of the
three being the hoar layer and the bottom and top being the
snowfall before and after the hoar formation, respectively.
These upper layers were established to isolate the hoar and
allow for variation in accumulation and hoar-layer thick-
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ness. The grain-sizes of each of these three layers were made

to vary inversely with accumulation, as discussed in items 5

and 14 below. The next 17 layers represent the remainder of

the firn down to 25 m and all layers are assumed horizontally
homogeneous. Next, the single-scattering albedo and optical
thicknesses are calculated (after Zwally, 1977) for cach layer.
These values are then input into a Discrete Ordinate Radia-
tive Transter (DISORT) model (Stamues and others, 1988)
adapted for 19.35 GHz vertically polarized emission at an
angle of 53°. The bulk emissivity is then calculated accord-
ing to Equation (3) (for T, = 233 K). The model is run for
various accumulation rates and hoar-layer thicknesses, and
the emissivity characteristics are assessed.

16 insure consistency with previous work, all assump-
tions and characteristics of the model are either taken di-
rectly from or derived from Chang and others (1976),
Zwally (1977), Comiso and others (1982) or Van der Veen
and Jezek (1993), They are summarized inTable | and arc
discussed in more detail below.

Model assumptions and parameters

(1) Horizontal homogeneity

The snowpack is assumed to be horizontally homogeneous
and structured, as shown in Figure 3. While there is in fact
significant vertical variability in the structure of the firn,
with the pinching-and-swelling of the layers, these layers
arc qualitatively maintained even over large distances (Stef-
fen and others, 1995). Since the model results are intended to
aid in the interpretation of the SMMR and SSM/I data pro-
ducts (both the standard polar-stereographic and the EASE-

Table 1. Model assumptions and characteristics for nominal
conditions on the ice sheet (mean annual accumulation of
100 mm w.e. ( Ohmura and Reeh, 1991) and 1.5 cm thick hear
laver ). Also given are the sources of the assumptions made and
the sensitivity of the modeled microwave emissivily to each
assumption or characteristic

y X L ; - v .
Assumption/characteristic Sources Sensitivily

Horizontal homogeneity 1,254 Variable

Absorption coeflicient 2 Moderate
Isothermal snowpack 2.3 None

Grain-size distribution 23 Moderate

Constant annual growth rate 2 Liow

19.35 GHz [requency 1.2,3.4 Model constraint
Rayleigh scattering 1,234 None except [or hoar

discussed in text
Independent scattering 12,34 Empirically accounted
for (see below
Low
Low

Scattering coellicient
Optical depth
Single-scattering albedo

Extreme
Winter conditions Maodel constraint
Hoar
Hoar radius
Hoar-scattering characteristics 2. This study  Low
This stucly
This study

This study
teenter of annual layer  This study Low

Thisstudy  Low

Model constraint
Model constraint

Emission angle

Vertical polarization

»g £ i e e i <
Source references: 1. Chang and others, 1976; 2. Zwally, 1977; 3. Comiso
and others, 1982: 4. Van der Veen and Jezek, 1093

i Sensitivity terms are calculated based on the impact of a 20% change in
the assumed value (where appropriate). The convention is as follows: 0
2% change in calculated emission 9
10% — high; 10-20%,

low; 2- 5% change — maoderate:

extreme,
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Direction of calculated emission

9=53°

Snow surface

Layer 1: Current year's accumulation
after hoar formation (average of 15 cm
of snow)

Layer 2: Hoar (mean thickness = 1.5 cm)

Layer 3: Current year’s accumulation
before hoar formation (average of 15
cm of snow)

~ Layers 4 - 20: extending to 25 m depth.
The cube of the radius increases linearly with
depth.

Fig 5. Snow structure used in the radiative-transfer model.
The structure represents winter conditions at Inge-Lehman,
i which the summertime hoar is sandwiched between the
spring and fall snow. The grain growth vs depth relationship
was based on observalions of Gow (1971).

Grid produets), which are mapped on to 25 km x 25 km grid-
cells, the effects of vertical variability are assumed to be mi-
tigated by averaging over these large distances. By assuming
horizontal homogeneity, the intensity is considered to be azi-
muthally independent.

(2) Absorption coefficient

The absorption coeflicient (7,) is set cqual to 0038 m A
Zwally (1977) used a value of 0.13m " but Comiso and others
(1982) showed that, for the polar firn, 0038 m ' is more con-
sistent with the theoretically derived values from the Debye
equation (Hobbs, 1974), and it also agrees with estimates
made from a compilation by Evans (1965) of measured loss
tengents (Comiso and others, 1982). Agreement between the
different estimates is best at approximately 233 K, which is a
reasonable winter-firn temperature at Tunu, Furthermore,
Ya = 0.038 m ' shows an excellent fit with empirical data
for various sites in Greenland and Antarctica, part icularly
for the Inge-Lehman station in northeast Greenland
(Comiso and others, 1982); therefore, for the range of tem-
peratures in the emitting region, this value is used.

(3) Isothermal snowpack

In reality, the snowpack is not isothermal, even as an
annual average (Van der Veen and Jezek, 1993). However, at
microwave wavelengths, the intensity (in Equation (3)) is a
linear function of Tj,; thus, if an isothermal snowpack is
assumed, the resulting emissivity is not temperature-depen-
dent, except to the extent that single-scattering albedo and
absorption coefficient depend on temperature. Since we are
limiting our analysis to the study of the impact of changes in
accumulation and hoar formation on the emissivity rather

S5
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than Tj,, only an approximate average temperaturc is
needed rather than the detailed vertical temperature struc-
ture. I brightness temperatures were to be determined, or
accumulation estimates were to be made by inverting the
model, the temperature profile would be necessary. In our
analysis, we assume an average firn temperature of 233 K,
which is appropriate for the region in winter.

(4) Grain-size distribution
The cube of grain radius (r) can be modeled as a linear
function of depth (z):

r =ry+8z (4)
where 3 is equal to 00278 and S is equal to 0.0202 for z in

T . 3 = . . . .
meters, and rf] in mm” (Zwally, 1977). This relationship is
primarily dependent on mean annual temperature and ac-

cumulation rates (Gow, 1969).

(5) Constant annual grain-grow!th rate

The size of the particle at the bottom and top of the current
year’s snowfall is assumed not to vary from year to year;
thus, with varying accumulation, the grain-size vs depth re-
lationship for the current year’s snowfall (S in Equation (4))
varies inversely with the accumulation rate (Zwally, 1977).
For layers | and 3 (in Fig. 3), 7 is related to z according to:

. . A
B =rd+ S(Z)z (5)

where A is the mean annual accumulation rate (in snow
height) and A is the depth of accumulated snow for the
current year. Using this scaling factor, the effects of increased
or decreased snowfall on the grain-size profile in the current
year’s snow layer are accounted for. The scaling factor
becomes infinite as A approaches zero; however, for accumu-
lation rates greater than or equal to 10 em in height of snow a
: (one-third of A for the region), the values are reasonable.
This relationship insures that volume grain growth is lincar
with time rather than with depth. A similar scaling factor is
applied to the hoar and is discussed in item 14 below.

(6) 19.35 GHz frequency (1.55 cm wavelength )

The radiative characteristics of polar firn at this frequency
are of great interest for interpretation of SSM/T microwave
brightness temperatures. The closest channel on the SMMR
instrument is 18 GHz but, through the application of regres-
sion coefficients (Jezek and others, 1991), they can be modi-
fied to represent their 19.35 GHz equivalent. While there is
certainly additional important information in the 37 GHz
frequency (which are also channels on SMMR and SSM/
I), the 19.35 GHz was chosen because it allows for the
assumption of Rayleigh and independent scattering. The
physics of the model would be significantly more complex
for the higher frequencies, and many of the assumptions
made in previous work by Zwally (1977), Comiso and others
(1982) and Van der Veen and Jezck (1993) would not apply.

(7) Rayleigh scattering

For 19.35 GHz, particles on the order of 1.5 mm or less in dia-
meter satisfy the Rayleigh scattering criterion. Thus, the
assumption is applicable to the snowpack. The Rayleigh cri-
teria are not quite satisfied by larger hoar particles; how-
ever, Rayleigh scattering is still assumed, with the
acknowledgment that the amount of scattering is slightly
underestimated. The implications of this assumption are
discussed at the end of this section.
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(8) Independent scatlering

The snow grains are assumed to scatter independently
(Chang and others, 1976; Zwally, 1977; Comiso and others,
1982: Van der Veen and Jezek, 1993). Because of the dense
packing of the snow, however, there are some coherent scat-
tering effects and the assumption results in an overestimate
of the scattering (Zwally, 1977; Comiso and others, 1982).
This overestimate is one factor which is accounted for by
the empirical correction term, f, discussed in item 9 below.

(9) Scallering coefficient
The scattering coeflicient (7s) varies with radius (77) accord-
ing to the formula:

%= f(1.8r)" (6)
where the empirically derived correction factor, f, is
assumed to be equal to 0.3 (Comiso and others, 1982). It
accounts for the overestimating of scattering due to various
assumptions in the derivation of the scattering coefficient,
primarily that of independently scattering, spherical parti-
cles. Alley (1987) demonstrated that snow grains in polar
firn can be approximated as prolate spheroids whose major
axis is oriented vertically. However, the axial ratio is largely
variable, ranging from 1 (indicating spherical particles) to
14 (elongated particles) (Alley, 1987). Because of the varia-
bility, and the fact that previous models have shown that the
f term compensates for shortcomings of this and other
assumptions, we also assume scattering characteristics of
spherical particles with an empirically derived adjustment
factor. A comparison with seven stations in Greenland and
Antarctica showed that, for f = 0.3, the scattering term
yiclds an excellent fit (R = 0.986) to empirical data
(Comiso and others, 1982). Therefore, in this study f is
assumed to be 0.3.

Though not explicitly input into the model, the real and
imaginary parts of the index of refraction are implicit in the
calculation of the scattering and absorption coeflicients,
The cocfficients described in the above assumptions corres-
pond to an index of refraction (n) whose real component
(n') is 1.78, and imaginary component (r") is 0.00014z.

(10) Optical depth ()
The optical depth of any given layer, the top and bottom of
which are at depths of z; and 2, respectively, is (from
Zwally, 1977, Equation (23) ):
()= [ [+ u(2)de. (7)
Under normal accumulation conditions, A =~ 100 mm w.e.
a ' (Ohmura and Reeh, 1991), the typical optical depth for
I year’s accumulation is approximately 0.027. The optical
depths of hoar layers range from 0.006 to 0.184 for Imm
and 3 cm layer thicknesses, respectively; thus, according to
the model, a hoar layer of less than 0.5 cm can be of similar
optical thickness to year’s worth of accumulation, in low-
accumulation areas such as Tunu. In higher-accumulation
areas, the optical thicknesses of the annual snowfall would
be significantly greater in relation to the hoar.

(11) Single-seallering albedo (W)

The single-scattering albedo is given by
Vs
e (8)

&

Table 1 indicates that the results are highly sensitive to

wo

single-scattering albedo; a 20% change in wp alters the
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emissivity by 19%. Fortunately, the differences between the
magnitudes of v, (0.038m ') and 4, (on the order of 0.2 m
for most of the emitting area of the snowpack) are such that
changes in 7, are not of major impact on w;, and changes in
s to some extent cancel out in the ratio.

(12) Winter canditions

The model stratification is as shown in Figure 3, which is
representative of winter conditions in the absence of winter-
time hoar formation (discussed by Steffen and others, in
press). Winter conditions are used because any effects attri-
butable to insolation do not influence observed wintertime
brightness temperatures.

(13) Hoar at the center of the annual layer

The situation of the hoar at the center of the annual layer
arises from two assumptions. T'he first is that the amount of
snow before the formation of hoar in a given year is equal 1o
the amount of snow that falls after the formation of hoar.
This assumption was based on an analysis of shallow ice-
core data provided hy ]. Bolzan of the Byrd Polar Rescarch
Center at The Ohio State University. A 24 vear comparison
ol winter-to-summer accumulation and summer-to-winter
accumulation showed no bias one way or the other between
winter/spring and summer/fall snowfall over the period
studied. There is most likely some seasonal variation from

year to year but the ice-core data suggest that over long time

periods they average out. The half-year estimates were
determined from winter and summer peaks in the stable
oxygen-isotope ratios for the years 196487 at nine sites on
a 150km x 150 km grid around Summit, Greenland (des-
cribed in Bolzan and Strobel (1994) ). The conditions at Tunu
and Inge-Lehman may be a little different than Summit but
the Bolzan and Strobel data are believed to reflect the gen-
eral pattern. In addition, modeled precipitation values of
Bromwich and others (1993) show that the scasonal cycles
of precipitation are centered roughly around early July (in
the maximum) and also late January (in the minimum).
Thus, it is reasonable to assume in this analysis that sum-
mertime hoar layers will be at or near the center of the
annual layer.

The second assumption is that the hoar forms at or near
the surface during the summer, as is the case at high eleva-
ons due to intense insolation (Alley and others, 1990). Hoar
also forms at the interface between a crust layer and verti-
cally adjacent low-density snow in the presence of a strong
thermal gradient. However, for the purposes of isolating the
effects of a hoar layer on the microwave emission, only a
single layer was included at the center of the annual layer,
with the concession that hoar development closer to the sur-
face will affect more strongly the emission and one further
from the surface will have less of an impact. The results are
not significantly influenced by where in the snow layer the
hoar lies; a 20% crror in this estimate results in less than 1 %
change in the snow emission. For a 233 K firn temperature
and an emissivity of 07, this corresponds toa 1.6 K change in
brightness temperature,

(14) Hoar radius ( 1y )
‘T'he mean hoar radius in the model is 1.5 mm. This is typical
of observed values at the Tunu site. As with near-surface
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grain-sizes, the size of the hoar particles is assumed to vary
inversely with the accumulation rate according to:
s (A
T hoar — Z
in order to account for the hoar-size variability with chan-
ging accumulation.

(‘Flmm’):i (9)

(15) Hoar-scaltering characteristics

The dependence of scattering on the factor (1.8?‘)3 in Equa-
tion (6) is valid for grain-sizes of less than | mm radius but,
for the larger hoar particles, 7. is taken to be (1.82‘1')3
(Zwally, 1977). The hoar is assumed to be in the Rayleigh
regime (the implications are discussed at the end of this sec-
tion) and only a single layer of hoar is included near the sur-
face of the model. Hoar layers may be present for many
years before metamorphism and causes them o become
nearly indistinguishable from the surrounding snow but this
investigation is intended to assess the impact of the most
recently formed hoar (from the preceding summer). Subse-
quently, only one layer was modeled. Furthermore, the con-
tribution of deeper hoar layers from previous years is less
than that of the near-surface layer by virtue of their depth.

(16) Emission angle

Intensity is calculated for an angle of 53° from the zenith,
which is the scan angle of the SSM/T instruments. For esti-
mates of accumulation from brightness temperatures, the
instrument-observation
angle must be evaluated. The SMMR scan angle is closer

emission characteristics at the

to 50" but as with wavelength the brightness temperatures
can be adjusted to reflect their 537 equivalent with the
appropriate regression coeflicients (Jezek and others, 1991),

(17) Vertical polarization
The 507 and 53° viewing angles are near the Brewster angle
[or snow (Hollinger and others, 1987). As a result. the effects
of the layered nature of the firn on vertically polarized emis-
sion are at their minimum, thus maximizing the emissivity
dependence on grain-size distribution. This grain-size dis-
tribution is presumed to be closely related to accumulation
and hoar development,

The vertical component of the Rayleigh-scattering
phase function for spherical particles is (from Goody, 1964):

P(#) =g[<c050)2} . (10)

This phase function is incorporated into the discrete ordi-
nate model as the coefficients of a Legendre polynomial
expansion,

Assumption validity for hoar layer

The validity of most of these assumptions has been discussed
by Zwally (1977) and Comiso and others (1982) for the polar
firn. Those that have not, have been discussed above. An
issue that needs to be addressed in this analysis is the extent
of applicability of these assumptions to a model in which a
hoar layer is present. One error source may be the far-field
assumption, or the treatment of the particles as independent
scatterers, The applicability of the far-field approximation is
dependent on the packing density of the medium or the ice—
air ratio, The lower this ratio, the more valid the approxi-
mation. In the hoar layer, the large particles actually result
in reduced packing density as compared to the rest of the
snowpack. Thus the far-field assumption is in fact more valid
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for the hoar layer than it is for the rest of the snowpack.
Since f accounts for some deviation from the far-field con-
ditions, the hoar effects may be slightly underestimated and
are likely to be greater than predicted by the model.

Another important consideration is the assumption of

Ravyleigh scattering in the hoar layer. The scattering is actu-
ally somewhere between the Mie regime, where particle size
is on the order of one wavelength, and the Rayleigh regime,
where the particle is less than one-tenth of the wavelength.
Our field observations show the hoar particles to be on the
order of 3 mm in diameter, which is approximately one-fifth
of the modeled wavelength; thus, the scattering is more clo-
sely related to Rayleigh than to Mie. The associated crrors
are likely to be small but their effects on the model should be
considered.

Mie scattering is more in the forward direction than is
Rayleigh, which is more symmetric about the horizontal
plane, #=90° (Henderson-Sellers and Robinson, 1991).
This effect would suggest that the Rayleigh assumption
overestimates scattering. However, calculation of the He-
nyey Greenstein asymmetry parameter (g), gives a result
of g = 0.082. A positive value of g indicates preferentially
[orward scattering (for g = 1, scattering is purely forward)
and a negative value of g indicates preferentially backward
scattering (for g = —1, scattering is purcly backward). In
the case of symmetric scattering, g is equal to zero. The fact
that the magnitude of the calculated value of g is so low
means that scattering is only very slightly biased in the for-
ward direction and it is of little consequence in the overall
results.

RESULTS AND DISCUSSION

In order to validate the model, it was run for the same input
conditions as those of Comiso and others (1982) and yielded
the same results to within a few tenths of a percent. This is
within the limits of the two different solution methods (dou-
bling-adding vs discrete ordinates). An additional test case
was run for a pure scattering medium with a Rayleigh-
phase function (Chandrasekhar, 1960; Comiso and others,
1982) and again the results were within the limits of the
different solution methods. The model was then run for var-
ious hoar-layer thicknesses and accumulation rates. The
results of these runs arc presented below and the importance
of hoar, in addition to accumulation, in the microwave
emission is presented and discussed.

It is important to bear in mind that the observed 18V/
19V wintertime brightness temperatures for the Tunu region
are on the order of 195 K (Fig. 2). If we assume an atmo-
spheric contribution of 25 K, the surface Tj,s are in the vici-
nity of 170 K. Thus, emissivity need only change by as little
as 1% to cause a detectable change in brightness tempera-
ture (1% change in ¢ results in a 1.7 K change in T, ).

Emissivity and accumulation

The dependence of emissivity on accumulation and hoar
development is shown in Figure 4. The results indicate that
an increase in accumulation causes an incrcase in micro-
wave emissivity (as was shown by Zwally (1977)). This is to
be expected since greater accumulation rates result in
increased signal contribution from the highly emissive smal-
ler grains of relatively new snow. In addition, the sensitivity

of emissivity to accumulation rate is greatest in the areas of
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Fig 4. Dependence of microwave emissivity on accumulation
and hoar thickness al Tunu and Inge-Lehiman. Accumulation
rates are given in meters (or centimeters ) of snow, and hoar-
layer thickness is also given in centimeters of hoar. Appropri-
ate densily values for conversion to water equivalents is
380 kgm ” for the snow, and 300 kg m ? for the hoar. The iso-
linesin (a) ave at intervals of 2 mm, while those in (b ) are al
10 cm intervals. The sensitivily is greatest when accumulation
is low and for thick hoar layers.

the lowest accumulation. This occurs because, in high accu-
mulation arcas, snowfall from the current year already
a large part of the signal and masks out much of

comprises
the contribution [rom the previous year’s snow; thus,
changes in snowfall do not significantly impact the signal.
Consider, for example, the extreme case of an area with
5 m of snowfall per year. Each year, the 19 GHz microwave
emission will be nearly totally emitted from the current
year’s snowfall. Thus, a doubling of snowfall will not result
in much of a change in the signal.

Conversely, in areas with little accumulation, a doubling
of snowfall will result in much more of the signal coming
from the current year’s more highly emitting snow than in
previous years. As a result, the sensitivity to accumulation
variations is greater in these low-accumulation regions.
Typical rates of accumulation for the vicinity of Tunu and
Inge-Lehman are approximately 30 em of snow per year
(based on Ohmura and Reeh (1991), and assuming a density
of the top snow layer of 380 kg m”). Also, itis very likely that
in such low-accumulation areas, snowfall may vary from 50
10 200% of the annual mean (Mosley-Thomson and others,
1995).

The accumulation—emissivity relationships are consis-
tent with what has already been shown qualitatively by
Zwally (1977). They also explain in part why the observed
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brightness temperature trends (Steffen and others, 1993) are
strongest in the low-accumulation areas. However, what is
different and of great importance to the future of microwave
modecling and for the interpretation of long-term passive
microwave satellite data of the Greenland ice sheet is the
dependence and sensitivity of this relationship to the pre-
sence of hoar.

Emissivity and hoar-layer thickness

The microwave emissivity is very sensitive to the hoar-
layer thickness itsell. According to the model, the presence
of a 1.5 em thick hoar layer, which is typical of the region,
based on our observations at lunu, reduces the emissivity
by 2.8%. Assuming the mean wintertime 19 GHz vertically
polarized brightness temperature is 170 K, a 1.5cm hoar
layer is responsible for a 5 K reduction. In other words, if
the hoar were not present. the brightness temperature
would be 175 K. Considering observed hoar layers at Tunu
ranged from | mm to 4 em in thickness, impact of hoar on
brightness temperature can be major.

Furthermore, according to the model, variations in hoar
thickness of a millimeter have roughly the same impact on
the emissivity as a few centimeters of accumulation changes.
In terms of percentages, a 10% increase in hoar-layer thick-
ness may impact the signal by as much as a 15% change in
accumulation. The large optical depth and the high scatter-
ing characteristics result in a significant hoar contribution
to the microwave emission.

Finally, the sensitivity of microwave emissivity to hoar
development is lowest in the regions of maximum snowfall.
This can be explained by the fact that high-accumulation
rates more effectively mask the hoar signal and thus reduce
the sensitivity of the overall emission to the hoar develop-
ment. Such an eflect further explains the inverse relation-
ship between 1y, “trend strength” and mean accumulation
rates (Steflen and others, 1993).

Accumulation and hoar: combined effects

While the emissivity does show some variation with accu-
mulation, the magnitude of the relationship is weak without
the consideration of hoar (as indicated by the shallow slope
of the top curve in Figure 4a ). In the absence of hoar, even a
3 K rise in Tj, in the Tunu region, which was observed for six
consecutive years in the SMMR data (Steffen and others,
1993) cannot be caused by accumulation variations alone.
When considered with a 1.5 cm hoar layer in the snowpack,
however, less than a doubling (60 ¢cm annual accumulation,
or approximately 230 mm water equivalent) ol accumula-
tion will cause such a rise in Tj,. The relationship indicates
that, without the hoar, accumulation changes would be un-
detectable with the 19V channel. In addition, the thicker the
hoar layer, the stronger the relationship between accumula-
tion and microwave emissivity.

This strengthened relationship and its dependence on
hoar-layer thickness is most likely attributable to the high
scattering characteristics of the hoar layer, which cause a
significant extinction of the upwelling radiation from the
snow below. It has been well documented that depth hoar
in snowpacks on land surfaces are effective volume scat-
terers and significantly diminish upwelling radiation [rom
below (Mitzler and others, 1980; Hall and others, 1986,
1991; Sturm and others, 1993). Our model results demon-
strate that the same is true for firn. As a result, in the pre-
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sence of a thick hoar laver, more of the signal comes from
the near-surface layers of snow than the deeper parts of the
snowpack; thus, the sensitivity of the signal to changes in
snow near the surface is greater.

Additional information about the accumulation varia-
bility is contained in the 37 GHz data, which would be more
sensitive because of its smaller wavelength and lower pene-
tration/emission depth. However, the sensitivity of emission
at 37 GHz to hoar development would also be higher, and
probably to a greater relative degree, since the sizes of hoar
particles are considerably closer to the wavelength. Thus,
estimating the accumulation from the 37 GHz emission
requires an even greater assessment/parameterization of
the hoar development.

Significant progress has been made in identifying hoar
formation events on the Greenland ice sheet using the ratio
of 37 GHz vertical and horizontal brightness temperatures
(Shuman and others, 1993). However, a method of quantita-
tively estimating the amount of hoar has not yet been devel-
oped. This would require occupation of the modeled site
during a hoar-formation event and continuous observations
of the snow accumulation, sub-surface temperatures and
atmospheric  conditions.  Automatic Weather Stations
(AWSs) that measure these parameters are already in place
at a number of sites on the ice sheet, and occupation of one
or more of these sites during a hoar-formation event, in con-
Jjunction with continued monitoring with the AWS, would
allow for comparisons between microwave emission and
snow accumulation over time, This is expected to be the sub-
jeetof future field work.

Pending such field work, a possible proxy may be to
monitor the 37V/37H brightness temperature ratio through-
out the summers for the modeled location. Sustained de-
creases, which are indicative of hoar-formation events
(Shuman and others, 1993), could be identified each year
and used in a relative sense to characterize the degree of
hoar development. This is a simplistic approach (o a com-
plex problem but could represent a first step toward appro-
priately incorporating hoar layers in the [irn models.
Because the intent of the research in this paper is to assess
the relative importance of hoar in the firn, the development
of such a parameterization is beyond the scope of this work.
It would, however, be a necessary step towards relating ac-
cumulation/hoar formation to changes in brightness tem-
perature.

The observed trends: other explanations

The model results indicate that, in the absence of hoar, ac-
cumulation alone could not account for the observed 18 K
trend in 7§, observed in the 1980s (Fig. 2). We have demon-
strated that significant changes in Tj, can be caused by var-
iations in hoar-layer thickness alone or in conjunction with
changes in accumulation rates. However, considering the
magnitudes of the cffects of hoar and accumulation, it is
likely that there are additional phenomena contributing to
the observed changes. These possibilities, though not ana-
lyzed in this paper, should be mentioned. One is atmo-
spheric contributions, Energy emitted by the atmosphere
contributes to the Tj, observed by the satellite. If cloudiness
were to increase steadily, between 1979 and 1987, or if more
warm air were advected to the interior of the ice sheet, it is
possible that T}, could also increase. However, comparison
to coastal climate stations shows no atmospheric warming,
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In addition, the trends were observed to be as strong in the
winter as in the summer. Because the region examined is at
approximately 2000 m elevation, winter cloud cover is
assumed to be very low and its variability is not likely to ac-
count for such a large brightness temperature increase.

Another possibility is that, despite being well outside the
accepted melt regime (Benson, 1962; Mote and Anderson,
1995; Abdalati and Steffen, 1997), the trend may have to
some extent been caused by a brief anomalous melt event.
Close examination of Figure 2 shows several spikes in the
18V/19V brightness temperatures in some years, the most
significant of which is the summer of 1979. Though they are
short in duration, these spikes are indicative of some degree
of melting (Mote and others, 1993; Zwally and Fiegles, 1994).
Such an event would form a thin melt crust which, once re-
frozen, would serve to reduce overall emissivity. The pores
hetween grains would disappear and the scattering of up-
welling electromagnetic energy would increase signifi-
cantly. The result would be a lower brightness temperature
after refreezing of the melt crust. As subsequent melt-free
vears passed, and the melt layer were buried more deeply,
its effects would be expected to diminish.

The most significant of these melt spikes occurred in
1979 and. as expected, the brightness temperatures in the
following winter dropped approximately 4 K. However,
there are no signs of a melt event in the summer of 1980,
yet the mean Tj, of the following year dropped approx-
imately 5 K. Furthermore, other years which show similar
melt spikes do not show a strong correlation with decreased
Ti,s in the subsequent winters. Thus, there is a level of varia-
bility which is not attributable to melt events. We therefore

assume that the variation is a result of some combination of

hoar formation (or other metamorphic factors causing
increased grain-size), accumulation, atmospheric and tem-
perature effects, and surface melting.

CONCLUSION

With a radiative-transfer model, we were able to examine
the emission behavior of snow under changing conditions
of accumulation and hoar development. The direct depen-
dence of microwave emission on accumulation rates in the
dry-snow arca of the Greenland ice sheet is of some signifi-
cance; however, the emissivity depends as much, if not
more, on the variable thicknesses of the hoar layers. As a
result, accumulation estimates based on passive microwave
observations require successful parameterization of the
hoar-formation characteristics. Until this hoar development
can be adequately parameterized, the detection of interann-
ual variations in accumulation using 19 GHz brightness
temperatures will not be possible.

Furthermore, the model demonstrates that the micro-
wave emission from the firn is much more sensitive to
changes in accumulation and hoar development in the arcas
of little precipitation, such as the northeast region of the ice
sheet. This explains why the observed brightness tempera-
ture trends in the SMMR time series of the dry-snow
regions of the ice sheet were strongest near Tunu and weaker
farther away (Steffen and others, 1993). For these reasons,
the Tanu area is most useful for examining the manifesta-
tion of surface characteristics in the microwave emission
from the Greenland ice sheet.
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