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Abstract. Ice crystals, also known as diamond dust, are sus-
pended in the boundary layer air under clear sky conditions
during most of the Arctic winter in Northern Canada. Oc-
casionally ice crystal events can produce significantly thick
layers with optical depths in excess of 2.0 even in the ab-
sence of liquid water clouds. Four case studies of high opti-
cal depth ice crystal events at Eureka in the Nunavut Terri-
tory of Canada during the winter of 2006/07 are presented.
They show that the measured ice crystal surface infrared
downward radiative forcing ranged from 8 to 36 W m−2 in
the wavelength band from 5.6 to 20µm for 532 nm opti-
cal depths ranging from 0.2 to 1.7. MODIS infrared and
visible images and the operational radiosonde wind profile
were used to show that these high optical depth events were
caused by surface snow being blown off 600 to 800 m high
mountain ridges about 20 to 30 km North-West of Eureka
and advected by the winds towards Eureka as they settled
towards the ground within the highly stable boundary layer.
This work presents the first study that demonstrates the im-
portant role that surrounding topography plays in determin-
ing the occurrence of high optical depth ice crystal events
from residual blowing snow that becomes a source of bound-
ary layer ice crystals distinct from the classical diamond dust
phenomenon.

Correspondence to:G. Lesins
(glen.lesins@dal.ca)

1 Introduction

Ice crystals are a commonly observed atmospheric phe-
nomenon occurring during the winter months at high lat-
itudes in the presence of a strong surface-based temper-
ature inversion. The Meteorological Service of Canada
(MANOBS, 2006) classifies ice crystals (IC) as a type of
frozen precipitation defined as “a fall of non-branched ice
crystals, in the form of needles, columns or plates, often so
tiny that they seem to be suspended in the air. These crystals
may fall from cloud or from a cloudless sky. . . Ice crys-
tals are a common form of precipitation at very low temper-
atures. This type of precipitation may continue for several
days without interruption and frequently falls from a cloud-
less sky. The restriction to vision may or may not be severe”.

Ice crystals are often referred to as diamond dust because
of the scintillation observed when viewing the air towards a
light source which can enhance the scattering and produce
halos (Tape, 1994). This ice crystal suspension is also re-
ferred to as “clear sky precipitation” to distinguish it from
conventional precipitation which typically falls from clouds
although it is often impossible to discern a fall speed for the
ice crystals. Diamond dust or ice crystal events are likely
the result of local freezing of liquid aerosol particles or de-
position on ice nuclei with subsequent depositional growth.
Hence the ice crystals can appear in situ in otherwise clear
sky conditions.

Early field measurements showed that surface based ice
crystals can increase the downward infrared irradiance at the
surface by as much as 80 W m−2 (Witte, 1968; Overland and
Guest, 1991; Curry et al., 1996). Such large values for the
radiative forcing would require a high optical depth of ice
crystals and a strong temperature inversion so that many of
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the ice crystals reside at a considerably higher temperature
than the surface. In a field program on Arctic haze conducted
at Alert in March 1985, Trivett et al. (1988) found that a re-
duction of horizontal visibility below 30 to 40 km was caused
mainly by ice crystals. Hoff (1988) used lidar measurements
to show the frequent coexistence of ice crystals with Arctic
haze. Leaitch et al. (1989) measured ice crystal properties
from aircraft over Alert in April 1986 finding predominantly
columns and aggregates of columns.

Since ice crystals are so common in the Arctic, Blanchet
and Girard (1995) suggested that they may be important in
understanding the formation of continental Arctic air masses.
They also hypothesized that diamond dust formation and sed-
imentation can slowly dehydrate the Arctic boundary layer
during the course of the winter, which would reduce the
downward flux of longwave radiation and promote surface
cooling. This is opposite to the short-term (hours) effect of
enhanced forcing by high optical depth diamond dust com-
pared to clear air with the same temperature and humidity,
which is being considered here. Model simulations by Gi-
rard and Blanchet (2001a, b) indicate that although diamond
dust can add up to 60 W m−2 to the downward infrared irra-
diance at the surface, a portion of this forcing is due to liquid
water in or above the diamond dust layer.

Using a more comprehensive suite of measurements, Intri-
eri and Shupe (2004) reported that during the SHEBA exper-
iment (Uttal et al., 2002) in the Western Arctic Ocean region
from November 1997 to May 1998 diamond dust alone did
not make a significant contribution to the surface radiative
forcing, and indeed it was essentially indistinguishable from
clear sky conditions. Significant surface radiative forcing
was observed only when mixed phase clouds, precipitation
or a thin liquid water cloud was also present in the boundary
layer.

It is unknown to what extent the results from SHEBA, over
the Arctic Ocean, can be translated to over land much fur-
ther east in the High Arctic. Surface observations from land
stations indicate that visibilities can be severely restricted in
some ice crystal events which suggest that the radiative forc-
ing might be more significant than observed in SHEBA. The
main purpose of this paper is to investigate whether ice crys-
tal events at Eureka, Canada have high enough optical depths
to be radiatively important and to better understand their ori-
gins.

In Sect. 2 the observations from the weather station, satel-
lites and the special surface-based instrumentation are de-
scribed. In Sect. 3 the SBDART model is described as well
as the anisotropy factor that is needed to convert zenith ra-
diances into irradiances. Section 4 presents the results from
the four cases studies of high optical depth ice crystal events.
Section 5 contains the discussion where the important role
of local topography in generating strong ice crystal events is
highlighted. Final conclusions are given in Sect. 6.

 
 
Figure 1: A topographic map showing the region around Eureka. 
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Fig. 1. A topographic map showing the region around Eureka. The
width of the map is about 120 km (http://atlas.nrcan.gc.ca/).

2 Observations

2.1 Background

In collaboration between the Canadian Network for the De-
tection of Atmospheric Change (CANDAC) and NOAA
Study of Environmental Arctic Change (SEARCH) a suite
of surface-based atmospheric instruments has been installed
at Eureka. Eureka is located on Slidre Fiord on Ellesmere
Island at 79.99 N and 85.93 W in the Canadian High Arctic.
It is the second farthest northern weather station in Canada,
after Alert which is located at the northern end of Ellesmere
Island at 82.52 N.

Figure 1 shows the topographic features in the vicinity of
Eureka. Eureka is situated on the north side of Slidre Fiord
which extends about 22 km eastward from Eureka Sound into
the Fosheim Peninsula. The Fiord itself is about 4 km wide
and Eureka is about 9 km from its entrance. Eureka lies
at the mouth of a broad valley rising gently to the North.
About 10 km to the Northwest is a ridge roughly 600 m high
while ranging from 5 to 10 km to the Northeast is another
ridge, named Blacktop Ridge, which reaches heights of about
800 m. Both ridges run roughly north-south for about 15 km.
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Table 1. Number of reported cases, based on hourly surface weather observations at Eureka, of ice crystals and no ice crystals under clear and
cloudy conditions for the period 2000 to 2006. The clear versus cloudy determination is from the observer’s evaluation of sky conditions, not
including any information from lidars. In each row the four percentage columns sum to 100%. Note that the months of November through
to February each have ice crystals being reported over 60% of the time and clear sky ice crystals over 24% of the time.

2000–2006 No Ice Crystals Reported Ice Crystals Reported

Clear Cloudy Clear Cloudy Total
# % # % # % # % #

All Months 3319 5.8 36358 63.4 6908 12.0 10780 18.8 57365
January 446 9.4 1091 23.1 1672 35.4 1519 32.1 4728
February 229 5.2 1357 30.8 1077 24.4 1746 39.6 4409
March 377 7.8 1874 38.7 748 15.5 1841 38.0 4840
April 688 15.0 2263 49.4 376 8.2 1252 27.3 4579
May 638 13.3 3978 82.7 14 0.3 178 3.7 4808
June 59 1.3 4631 98.7 0 0.0 0 0.0 4690
July 62 1.3 4848 98.7 0 0.0 0 0.0 4910
August 57 1.1 4948 98.9 0 0.0 0 0.0 5005
September 48 1.0 4899 97.4 0 0.0 82 1.6 5029
October 228 4.6 3997 80.3 111 2.2 642 12.9 4978
November 316 6.9 1359 29.5 1138 24.7 1800 39.0 4613
December 171 3.6 1113 23.3 1772 37.1 1720 36.0 4776

2.2 Hourly surface observations

Eureka (WEU) has a manned hourly surface weather station
operated by Environment Canada since 1953. Currently the
hourly observations are missing at 00:00 and 01:00 h local
time (Eastern Standard Time) because of limited personnel.
Here we are particularly interested in extracting those hourly
surface observations that report ice crystals in the absence of
any other types of precipitation or weather.

In December, January and February of 2000 to 2006, IC
under clear sky conditions were reported 32.5% of the time
(4521 h) while IC occurring simultaneously with surface ob-
served clouds were reported 35.8% of the time (4985 h). If
we select those cases when the horizontal surface visibility
is reduced to less than 10 km then clear sky ice crystals were
reported 3.3% of the time (453 h). A further breakdown of
the number of cases is given in Tables 1 and 2.

2.3 Upper air soundings

Eureka is also an operational upper air station (ID 71917)
releasing radiosonde balloons twice a day at 00:00 and
12:00 UT. The archive from Environment Canada is avail-
able from January 1961. The upper air profiles are used to
determine input profiles for the SBDART model and to as-
sess the role of boundary layer winds in the transport of ice
crystals.

2.4 AHSRL Lidar

The University of Wisconsin Arctic High Spectral Resolu-
tion Lidar (AHSRL) was deployed at Eureka in August 2005
and has been operating nearly continuously since. The AH-
SRL is capable of separately measuring molecular scatter-
ing and particle scattering, which allows a measurement of
the extinction profile (Eloranta, 2005). The outgoing laser
light at 532 nm is circular polarized and the receiver de-
termines the circular depolarization ratio,δc, which is re-
lated to the linear depolarization ratio,δl , usingδc=2δl /(1-δl)

(Mishchenko and Hovenier, 1995). The linear depolarization
ratio is defined as the ratio of the perpendicular backscatter to
the parallel backscatter. It is an important parameter to help
distinguish non-spherical from spherical particles which is
used here to identify ice crystals in the lower troposphere.

The laser is pointed 4 degrees off the zenith to reduce spec-
ular reflection from plate-like ice crystals. The backscatter-
ing can be measured above a height of 75 m with a height
resolution of about 7.5 m. In this work the minimum lidar
height used is 100 m to avoid the noise below 100 m. The
optical depth of the ice crystal layer is calculated by integrat-
ing the lidar determined particle extinction vertical profile
upward from 100 m altitude. The optical depth profile is lin-
early extrapolated from 100 m height to the surface in order
to calculate the total optical depth of the ice crystal layer. For
each case study the particle optical depth profile over the ice
crystal event was calculated by averaging the individual 2.5 s
integrated lidar profiles.
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Table 2. Number of ice crystal and blowing snow events based on hourly surface observations at Eureka given annually for 2000 to 2006
and monthly for 2006.

Period Total number Ice Crystal Events Ice Crystal Events Blowing Snow Events
of observations with clouds

# % # % Total # # With IC

2000 7951 2326 29% 1289 16% 127 28
2001 7945 2204 28% 1498 19% 226 18
2002 8021 3046 38% 1639 20% 264 77
2003 8014 2697 34% 1586 20% 185 69
2004 8045 2772 34% 1634 20% 161 32
2005 8019 2655 33% 1575 20% 194 6
2006 8009 2207 28% 1452 18% 128 4
2007 8026 2901 36% 1737 22% 240 12

Jan, 2006 679 526 77% 251 37% 37 1
Feb, 2006 613 439 72% 239 39% 21 0
Mar, 2006 681 251 37% 218 32% 24 0
Apr, 2006 656 287 44% 249 38% 6 0
May, 2006 682 5 1% 5 1% 4 0
Jun, 2006 660 0 0% 0 0% 0 0
Jul, 2006 681 0 0% 0 0% 0 0
Aug, 2006 682 0 0% 0 0% 0 0
Sep, 2006 658 1 0% 1 0% 0 0
Oct, 2006 677 16 2% 16 2% 3 0
Nov, 2006 659 309 47% 255 39% 28 2
Dec, 2006 681 373 55% 218 32% 5 1
Jan+Feb+Mar+Dec 2006 2654 1589 60% 926 35% 87 2

Based on inspection of the hourly lidar vertical profiles
of particle backscattering and depolarization during January,
February, March and December in 2006, ice crystal events
in the absence of any clouds occurred for 218 h or about 9%
of the time. It should be noted that these cases do not in-
clude situations where unattached, non-precipitating clouds
occurred simultaneously above the ice crystal layer but were
not directly interacting with it. These additional cases con-
tributed 244 h of ice crystal events in the three winter months
of 2006 or 10.1% of the total observations. Based on the to-
tal of 464 h of lidar measured ice crystals, the average height
of the top of the layer was 400 m above ground. A further
breakdown of the statistics is given in Table 3.

The frequency of ice crystal events as determined from
hourly surface observations (Table 2) is much greater than
the frequency determined from lidar profiles (Table 3). For
example for the months of January, February, March and De-
cember in 2006 ice crystals were reported 60% of the time
from hourly surface observations compared to 19.1% of the
time from lidar profiles. For clear sky ice crystals these per-
centages drop to 25% and 9%, respectively. This is likely a
result of two factors: 1) since the coldest lower tropospheric
temperature is commonly found at the surface, ice crystals
may not reach an altitude of over 75 m above the ground
and hence not be detected by the lidar, and 2) the ice crys-

tal number concentration might be too low to be detected by
the lidar (above 75 m) whereas they might be visible by the
human observer at the surface. Ice crystals were frequently
reported by the surface observer even though the horizon-
tal visibility was greater than 15 km indicating a very small
scattering cross-section. In this work it was not possible to
quantify the relative importance of these two factors.

2.5 P-AERI Spectroradiometer

The Polar Atmospheric Emitted Radiance Interferometer (P-
AERI), operated by SEARCH, has been measuring the zenith
spectral radiance from 3 to 20 microns at Eureka since March
2006. Although the instrument has a spectral resolution of
1 cm−1 we used the 25 cm−1 average spectrum for all calcu-
lations and comparisons because our focus is on broad-band
energetics. For the broad-band calculation the spectrum was
integrated from 5.56 to 20µm to avoid the noisy channels
that lie above and below this range. Each spectrum is derived
from an average of eight interferometric co-additions, which
are taken over a period of about 35 s. These spectra are then
averaged over the time period used in computing the clear
sky and ice crystal radiances, which is an average over about
10 to 40 spectra. The calibration of the P-AERI radiances
is traceable to NIST standards, and the accuracy of these
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Table 3. Number of cases of cloudy, clear and ice crystal (IC) conditions based on hourly lidar observations taken in January, February,
March and December of 2006 and for all four months (J+F+M+D). The presence of any clouds or ice crystals within an hourly period is
counted as clouds or ice crystals regardless of the fraction of time in the hour that they occurred. The percentage sum of cloudy and clear
cases equals 100% for each month. In the lower sub-table the cases with ice crystals are broken down into conditions with clouds, clear skies
and no precipitation. Note that roughly half the time the lidar reports clouds occurring with ice crystals.

2006 total cloudy clear IC IC layer height

# # % # % # % ±100 m

J+F+M+D 2414 1574 65.2 840 34.8 462 19.1 430
January 675 445 65.9 230 34.1 68 10.1 510
February 530 288 54.3 242 45.7 108 20.4 410
March 543 382 70.3 161 29.7 71 13.1 350
December 666 459 68.9 207 31.1 215 32.2 440

2006 Total IC IC with clouds clear sky IC under IC with clouds IC no precipitation

# # %(IC) %(total) # %(IC) %(total) # %(IC) %(total)

J+F+M+D 462 244 52.8 10.1 218 47.2 9.0 399 86.4 16.5
January 68 38 55.9 5.6 30 44.1 4.4 67 98.5 9.9
February 108 46 42.6 8.7 62 57.4 11.7 107 99.1 20.2
March 71 49 69.0 9.0 22 31.0 4.1 44 62.0 8.1
December 215 111 51.6 16.7 104 48.4 15.6 181 84.2 27.2

instruments is less than 1% of ambient radiance (Knuteson
et al., 2004a, b). Details on the instrument performance in
the polar regions are found in Walden et al. (2005, 2006).

2.6 MODIS

Both the TERRA and AQUA satellite platforms contain a
MODIS instrument in an orbital inclination of 98.2 degrees
and a period of 98.8 min. AQUA’s equator crossing time is
about 3 h later than TERRA. As a result about 14 to 16 dif-
ferent passes by MODIS occur daily over Eureka providing
high resolution imagery, down to 0.25 km in the visible and
1 km in the thermal infrared, for over half of the day from
about 12:00 UT to 03:00 UT the following day. This makes
it possible to track the time evolution of ice crystal events
from space.

Detection of the boundary layer ice crystals in otherwise
clear skies during the winter when the sun is below the hori-
zon is done by using the 11.03µm brightness temperature
which corresponds to the MODIS window channel 31. The
strong surface based temperature inversion gives an emit-
ting brightness temperature at the top of the ice crystal layer
that is substantially warmer than the skin temperature of the
ground in the surrounding clear regions making it possible to
determine the ice crystal’s regional extent if the skies are oth-
erwise clear. In regions where the topography is high enough
to raise the ground’s skin temperature it becomes more diffi-
cult to identify ice crystals in the air. However these elevated
regions are stationary and can be identified as a topographic
influence by examining a sequence of brightness temperature
maps.

One of cases studied in this paper occurred on 21 March
2007 which is at the spring equinox giving 12 h of sun-
light for that day. The MODIS near-IR channel 2 (0.841 to
0.876µm) was used to view the area in reflected sunlight.
This channel is used since it has a high horizontal resolution
of 0.25 km at the nadir and also there is less atmospheric scat-
tering compared to the shorter wavelengths. Even though it
is usually very difficult to distinguish between snow on the
ground and ice crystal clouds, the small solar elevation angle
at Eureka helps to create shadows that can be used to identify
plumes of ice crystals above the snow covered ground.

3 SBDART Model

3.1 Model description

The Santa Barbara DISORT Atmospheric Radiative Trans-
fer (SBDART) model (Ricchiazzi et al., 1998) was used to
compute thermal infrared spectral radiances and irradiances
from 5.56 to 100µm with a spectral resolution of 25 cm−1 to
match the spectral resolution used from the P-AERI instru-
ment. The discrete ordinate method is used with 20 streams
for the radiative transfer calculations. The temperature and
water vapor profile was taken from the closest in time (within
6 h) operational radiosonde release from Eureka. Typically
65 height levels were used in specifying the profile with a
vertical resolution increasing from 2 km above 30 km altitude
to 50 m in the lowest 1 km closest to the ground. The CO2
concentration was constant at 380 ppmv. The ozone profile
was taken from the closest in time ECC (electrochemical
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Fig. 2. The upper portion shows the anisotropy factor as determined
by SBDART for the 6 February 2007, Case 3 study. The dependence
of radiance with zenith angle is much stronger under clear skies and
at the less opaque wavelengths. The lower portion compares the
spectral zenith radiance between P-AERI and SBDART at a spectral
resolution of 25 cm−1. Similar plots (not shown) were obtained for
the other 3 cases.

concentration cell) ozonesonde release from Eureka and no
aerosols are input in the model.

The optical depth and height of the ice crystal layer, which
extends right down to the surface, is determined from the
AHSRL. SBDART converts the 0.55µm optical depth to the
infrared optical depths assuming spherical ice particles with
an effective radius of 50µm which is consistent with mea-
surements in the Arctic by Trivett et al. (1988). This is con-
siderably larger than the average ice crystal effective radius
of about 12µm measured in winter Antarctica (Walden et
al., 2003) because of the warmer temperatures in the Arctic.
A sensitivity test in which the effective radius is varied ap-
pears in the Discussion section. The extinction is assumed to
be uniform within the ice crystal layer. The ice crystal size
distribution used is the SBDART default modified gamma
distribution (Ricchiazzi et al., 1998) given by

N(r) =
N0

ro0(p)

(
r

ro

)p−1

exp

(
−r

ro

)
(1)

wherero=reff/(p+2), p=7 (SBDART default),ro is a dis-
tribution size parameter related toreff, the effective radius
defined as the ratio of the third to the second moments of the
radius distribution,No is the total number concentration of
ice crystals andN(r) is the number concentration per size
interval.

3.2 Anisotropy factor

In this paper the main use of the SBDART model is to deter-
mine the relationship between the radiance and irradiance for

each wavelength. Following Ellingson and Wiscombe (1996)
the P-AERI zenith spectral radiances are converted to down-
ward irradiance by applying an anisotropy factor,Aλ, which
is computed from SBDART using

Aλ =
F−

λ,model

πI−

λ,model

, (2)

where the numerator is the model spectral downward irradi-
ance and the denominator containsI−

λ,model, the downward
spectral radiance from the model for a zenith angle of zero.
An example of the spectral dependence of the anisotropy
factor for both clear and ice crystal sky conditions for the
6 February 2007 case study is given in Fig. 2. The model
computed anisotropic factors are then applied to the P-AERI
radiances to convert them to spectral downward irradiances.
Finally the spectral irradiances are integrated from 5.56 to
20µm to obtain the broad-band irradiance.

The anisotropy factor equals one when the downward ra-
diance is isotropic, meaning it has a constant brightness
temperature for all down-welling directions. Typically the
anisotropy factor is greater than one (Fig. 2) indicating the
actual irradiance is greater than the irradiance computed from
an assumed isotropic radiance based on the zenith value.
This is particularly evident at the window wavelengths where
the cloud-free atmosphere is relatively transparent so that the
zenith radiance is mostly determined by radiation emitted
from the colder portion of the troposphere compared to the
strongly slanted radiance paths which are weighted more to-
wards the warmer lower troposphere. It is interesting to note
that the anisotropy factor can drop to slightly below one for
wavelengths where the atmosphere is very strongly absorb-
ing so that the boundary layer air dominates the signal. In
this case the strong surface based temperature inversion pro-
duces a warmer zenith radiance emitted by the warmer air at
the inversion height compared to the slant paths which are
mostly being emitted by the colder air below the inversion
height.

4 Case studies of strong ice crystal events

4.1 Criteria

Examination of the hourly surface observations and the con-
tinuous AHSRL profiles reveals that the ice crystal optical
depth varies considerably and that there are many cases when
ice crystals reported by a human observer are not seen by
the AHSRL lidar. We consider cases where both the surface
hourlies and the lidar agree that an ice crystal event has oc-
curred. It is of interest to determine how large the radiative
forcing from such ice crystal events can get. This would pro-
vide some upper bounds on the importance of ice crystals
from a radiative perspective and also allow for comparison
with other field and modeling studies. The ice crystal events
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must be screened to eliminate cases that contain other phe-
nomena that can also impact on the radiative forcing. This
would include the presence of clouds, precipitation, fogs or
any other obstruction to visibility. In this way the focus will
be on what are deemed to be clear sky ice crystal events.

The following criteria were used in selecting the case stud-
ies. First, the hourly surface observations needed to report
ice crystals in the absence of clouds, precipitation, drifting
and blowing snow, and fog for at least a 3 h period. Second,
the AHSRL was used to screen out cases in which clouds
or precipitation were associated with the ice crystal event
by rejecting cases where the lidar backscatter cross-section
was greater than about 10−6 m−1 str−1 above the ice crystal
layer. Furthermore, the AHSRL linear particulate depolar-
ization ratio,δ, had to be greater than 20% throughout the
ice crystal layer to reduce the possibility of a mixed phase
cloud. Finally the lidar extinction profile was examined to
avoid cases with layers of enhanced extinction which might
indicate the presence of liquid water.

These criteria were strictly applied in selecting cases that
were used in determine the radiative forcing by the ice crys-
tals which required the SBDART model to compute the
anisotropy factors. Additional constraints were used for
these narrower time periods which included a fairly uniform
lidar backscattering and a fairly uniform and distinct top to
the ice crystal layer, to minimize the variability of the optical
depth during the radiative calculation time periods.

The choice ofδ=20% as the cutoff between ice crystal and
mixed phase clouds is based on a number of theoretical and
field studies. Sakai et al. (2003) summarized a number of
studies and reported a range ofδ=19 to 36% from theoret-
ical studies, 28 to 33% from laboratory studies and 13 to
38% from field studies. Their quoted theoretical studies also
showed thatδ can drop to about 10% for ice crystals with
a maximum dimension of only a few micrometers and close
to 0% for horizontally oriented columns and plates. Their
quoted laboratory studies suggest thatδ can be as high as
33% for mixed phase scatterers. Chen et al. (2002) mea-
sured depolarization in cirrus clouds and obtained a range
for averageδ of 20 to 54% when binned by altitude. During
SHEBA it was determined thatδ=11% was the best value to
distinguish between liquid water and ice phase (Intrieri et al.,
2002). Our choice ofδ=20% is deliberately conservative to
minimize cases where both water and ice coexist in the same
volume.

Based on these criteria the four highest optical depth cases
were chosen which were also considered to be the best time
periods with extended cloud-free conditions. For radiative
forcing calculations a time average of 5 to 30 min, depending
on the case, was used to reduce the effects of small scale
fast fluctuations in the atmospheric radiance and to minimize
the instrument variance of the measured signals. A summary
of the conditions and calculations for the four cases are in
Table 4. Figure 3 compares the ice crystal events for the
four cases bracketing in time the full duration of the events.

In the following four subsections the cases are described in
more detail referencing to Figs. 3 to 11.

4.2 Case 1 – 10 December 2006

A significant boundary layer ice crystal event started by
03:00 UT on 10 December and lasted until 11:00 UT on 11
December (Fig. 3a). The ice crystal layer varied consider-
ably in intensity and height, reaching above 1 km at times.
During the time interval when the radiative forcing was cal-
culated, 13:00 to 13:10 UT on the 10th, there were no clouds
or precipitation detected above the uniform ice crystal layer
(Fig. 4). By far most of the ice crystal layer was below 300 m
altitude; however an optically thin layer of ice crystals ap-
pears to extend up to about 500 m.

Figure 8 shows that the time averaged lidar linear partic-
ulate depolarizations were greater than 20% in the ice crys-
tal layer which suggests that liquid water was not significant
radiatively. The profiles shown in Fig. 8 are averages of
the 2.5 s profiles during the period when the radiative forc-
ing is calculated. The particle backscatter varied from 2.5
to 2.8×10−5 m−1 sr−1. Surface observations indicate clear
skies with a visibility of 24 km and a wind speed of 1.5 m s−1.

4.3 Case 2 – 24 January 2007

A continuous boundary layer ice crystal event lasted from
00:15 to 22:50 UT on 24 January 2007 with the greatest opti-
cal and geometric thickness occurring from 19:00–22:00 UT.
There was considerable variation in optical depth as the alti-
tude of the top of the layer remained below 300 m until about
14:00 UT when it began to increase to 700 m (Fig. 3b). The
sample time of 19:30 to 20:00 UT was chosen based on avail-
able data from P-AERI and it occurs when the layer has its
greatest optical depth. No clouds or precipitation were mea-
sured above the ice crystal layer.

The detailed time-height lidar cross-section shows that the
height of the layer contained some high frequency varia-
tion at the layer top from 500 to 700 m (Fig. 5). The li-
dar depolarization was greater than 35% throughout the pro-
file suggesting that water droplets were not contributing to
the radiances (Fig. 9). The particle backscatter varied from
3 to 4×10−5 m−1 sr−1. Surface observations at 19:00 and
20:00 UT show ice crystals under clear skies with a horizon-
tal visibility of 6 km. The surface wind speed varied from
1–3 m s−1.

4.4 Case 3 – 6 February 2007

A significant surface-based ice crystal layer developed by
16:00 UT on 6 February 2007 and persisted to 17:00 UT on
7 February. The layer top varied from around 500 to 1000 m
and had its greatest optical depth from 03:00 to 08:00 UT on
the 7th (Fig. 3c). The radiance measurements were averaged
from 21:50 to 22:10 UT on the 6th when the layer was par-
ticularly steady (Fig. 6) and also well in advance of some
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Table 4. Downward thermal infrared (5.56–20µm except where noted) irradiance at the surface in W m−2 for the four case studies. “Clear”
denotes an atmosphere without clouds or ice crystals, “Total” denotes an atmosphere with the ice crystal layer present and “Ice Crystal”
(IC) is the forcing by the ice crystal layer alone obtained by taking the difference between Total and Clear. The Time Period is used for
averaging the AHSRL and P-AERI measurements. The P-AERI clear adjusted irradiance applies the SBDART clear sky difference between
the measured clear and ice crystal sounding times to give an estimate of what the P-AERI clear sky irradiance would be during the ice
crystal period. “SBDART (20–100µm)” shows the model’s estimate of the additional surface forcing by the ice crystal layer for wavelengths
greater than 20µm. The depolarization ratio range is the variation with height within the ice crystal layer above 100 m altitude. “Height of
IC Top” is the height above the ground of the top of the ice crystal layer which is assumed to extend down to the surface. The “Inversion
Height” is the altitude of the first significant temperature maximum. The “IC Top Temperature” is the temperature at the top of the ice crystal
layer determined by interpolation of the radiosonde observations at the nearest time. The “Max. Inversion Temp.” is the temperature at the
Inversion Height which is a maximum for the layer.

CASE 1 CASE 2 CASE 3 CASE 4
Date 10 Dec, 2006 24 Jan, 2007 6 Feb, 2007 21 Mar, 2007

Time Period (UTC) Clear 11:30–12:00 (11th) 22:50–22:55 14:30–15:00 11:00–12:00
Time Period (UTC) Ice Crystals (IC) 13:00–13:10 (10th) 19:30–20:00 21:50–22:10 00:50–01:00
Sounding Time (UTC) Clear 12:00 (11th) 0:00 (25th) 12:00 (6th) 12:00
Sounding Time (UTC) Ice Crystals 12:00 (10th) 00:00 (25th) 00:00 (7th) 00:00
P-AERI Irradiance Clear 56.2 59.8 61.7 58.0
(W m−2) Clear Adjusted 62.4 59.8 63.0 62.1

Total 70.6 87.9 98.8 75.4
IC Forcing 8.2 28.1 35.8 13.3

SBDART Irradiance Clear 60.3 57.1 60.2 58.0
(W m−2) Total 72.6 86.0 99.5 78.7

IC Forcing 12.3 28.9 39.3 20.7
(SBDART – P-AERI) Clear −2.1 −2.7 −2.8 −4.1
(W m−2) Total 2.0 −1.9 0.7 3.3

Ice Crystal 4.1 0.8 3.5 7.4
SBDART (20–100µm) Ice Crystal 0.8 2.8 1.6 0.9
(W m−2)

Lidar Optical Depth At 0.53µm 0.20 0.66 1.65 0.54
Depolarization Ratio % (linear) 22–35 36–41 25–35 26–30
Horizontal Surface Visibility km 24 6 6–16 5–16
Height of IC Top km 0.24 0.55 0.6 0.4
Inversion Height km 1.05 0.67 1.4 1.6
Surface Temperature deg C −32.9 −31.5 −38.0 −38.0
IC Top Temperature deg C −27.8 −26.8 −27.6 −29.0
Max. Inversion Temp. deg C −24.1 −25.9 −16.9 −22.0

clouds which appeared after 07:00 UT on the 7th between
1 and 3 km. Linear particulate depolarizations were greater
than 24% during the radiative calculation period (Fig. 10).
For about 10 min at 20:15 UT the lidar depolarization dipped
to less than 5% at the top of the ice crystal layer which in-
dicates a thin water layer, however this occurred nearly 2 h
before the radiance measurement period.

The particle backscatter increased from
5.0×10−5 m−1 sr−1 at 100 m to 1.7×10−4 m−1 sr−1 at
400 m which resulted in an optical depth profile that in-
creases nonlinearly with height. Surface observations from
21:00 to 23:00 UT report ice crystals under clear skies with
the visibility varying from 6 to 16 km and calm winds.
Figure 2 shows very good agreement between the P-AERI
spectral radiance measurements and SBDART calculations
which was also true for the other 3 cases (not shown).

4.5 Case 4 – 21 March 2007

The ice crystal event began at about 08:00 UT on the 20th and
persisted until 02:00 UT the following day. The height of the
layer top gradually increased to 800 m by 16:00 UT and then
decayed until the end of the event (Fig. 3d). The period from
00:50 to 01:00 on the 21st was chosen since the backscat-
tering from the ice crystals was very uniform with the alti-
tude of the layer top remaining very close to 300 m (Fig. 7).
The linear depolarization ratio remained greater than 24%
throughout the layer, while the particle backscattering cross-
section varied from 6 to 7×10−5 m−1 sr−1. The optical depth
increased nearly linearly with height (Fig. 11).

The lidar indicated an absence of any clouds above the ice
crystal layer during the entire event. However surface obser-
vations report broken stratus, stratocumulus and altocumulus
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Figure 3a-d.  Time-height cross-sections of the AHSRL aerosol backscatter are shown for 

the entire ice crystal event for each of the four cases studied.  Note that the maximum 

altitude is 5 km in each plot and that the time span is 12 hours shorter for the Jan. 24, 

2007 case. 
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Fig. 3. Time-height cross-sections of the AHSRL aerosol backscatter are shown for the entire ice crystal event for each of the four cases
studied. Note that the maximum altitude is 5 km in each plot and that the time span is 12 h shorter for the 24 January 2007 case.

at various times during the event. This is likely because the
daylight conditions at this time in March, unlike the other
3 case study times, allows the observer to detect clouds closer
to the horizon away from the zenith direction which the lidar
is sampling. The ridges and mountains that surround Eureka
can be the foci of cloud formation while the station itself is
clear overhead. Surface winds were less than 3 m s−1 with
the horizontal visibility dropping as low as 4 km at 17:00 UT
on the 20th.

The radiosonde profiles for the four case studies are pre-
sented in Figs. 12 to 15. All four cases show a similar pattern.
A very strong temperature inversion is present in the bound-
ary layer and the wind speed increases significantly from the
ground to 600 to 800 m corresponding to the surrounding
ridge heights. The wind direction is from the N to NW at
600 to 800 m in all four cases which matches the direction of
the plumes seem in the MODIS images shown below.

5 Discussion

The occurrence of significant optical depth ice crystal events
could be important in understanding the total radiative forc-
ing exerted at the surface. Any increase in the downward
infrared irradiance at the surface caused by the ice crystals

which reside in the warmer air above the ground will impact
how cold the surface temperatures can become. To quantify
this impact the thermal infrared surface irradiances and forc-
ings are given in Table 4 for the four case studies.

The ice crystal surface radiative forcing is computed by
subtracting the clear sky downward irradiance from the ir-
radiance with the ice crystal layer. The quality-controlled
P-AERI spectral range extends from 5.56 to 20µm. The
ice crystal radiative forcing from P-AERI ranged from
8.2 W m−2 with an optical depth of 0.20 to 35.8 W m−2 with
an optical depth of 1.65. The ice crystals accounted for up to
36% of the total downward irradiance over these four cases.
Note that the air temperatures at the surface and the top of
the ice crystal layer did not differ by a large amount between
the cases and so it is the variation in optical depth that de-
termines most of the difference in the radiative forcing by
the ice crystals between the cases. SBDART predicts an ad-
ditional ice crystal radiative forcing of not more than about
10% due to irradiance from 20 to 100µm.

Although this paper is not intended to investigate the
source of differences between observed and modelled radia-
tive forcings, a short summary of the possible biases will be
discussed. The SBDART clear sky irradiance exceeds the P-
AERI observations by an average of 2.9 W m−2 over the four
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Figure 4a-b: Detailed cross-section of the a) aerosol backscatter cross-section and b) 

circular depolarization ratio for the Dec 10, 2006 case for the time period used in 

computing the ice crystal surface radiative forcing.  The top of the main ice crystal layer 

varied from about 200 to 250 m above the ground.  Above this is another weaker layer, 

likely ice crystals judging from its depolarization layer which extends close to 500 m.  

The summary time cross-section shows that this weak upper layer is short lived. 
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Fig. 4. Detailed cross-section of the aerosol backscatter cross-
section and circular depolarization ratio for the 10 December 2006
case for the time period used in computing the ice crystal surface
radiative forcing. The top of the main ice crystal layer varied from
about 200 to 250 m above the ground. Above this is another weaker
layer, likely ice crystals judging from its depolarization layer which
extends close to 500 m. The summary time cross-section shows that
this weak upper layer is short lived.

cases. The SBDART ice crystal forcing exceeds the observed
value by an average of 4.0 W m−2 over the four cases. There
are a number of possible sources for this bias, in addition
to the clear sky bias, which include: 1) incorrect ice crystal
effective radius in SBDART, 2) incorrect single particle ex-
tinction cross-section used in SBDART due to non-spherical
effects, 3) errors in the lidar determined optical depth, par-
ticularly in extrapolating from 75 m to the surface, 4) errors
in the air temperature and water vapor profile used for the ra-
diative calculations and 5) errors introduced from neglecting
aerosols.

For case 3 SBDART was run using ice crystal spherical
effective radii of 25, 50 and 100µm which is within the
range of near surface ice crystal sizes from 8 to 1000µm,
with an average of 310µm, as measured directly by Trivett
et al. (1988) during 11 days in March of 1985. The change
in ice crystal forcing was less than 1 W m−2. The effect
of non-spherical particles is much more difficult to estimate
given the lack of knowledge of the size and shape of the ice
crystals. Trivett et al. (1988) reported bullets, columns and
hexagonal plate crystals during their study of Arctic haze.

a 

 
 
b 

 
Figure 5a-b: Detailed cross-section of the a) aerosol backscatter cross-section and b) 

circular depolarization ratio for the Jan 24, 2007 case for the time period used in 

computing the ice crystal surface radiative forcing.  Note that the top of the ice crystal 

layer varied from about 400 to 700 meters above the ground and the layer consisted of 

relatively strong and uniform depolarization. 
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Fig. 5. Detailed cross-section of the aerosol backscatter cross-
section and circular depolarization ratio for the 24 January 2007
case for the time period used in computing the ice crystal surface
radiative forcing. Note that the top of the ice crystal layer varied
from about 400 to 700 m above the ground and the layer consisted
of relatively strong and uniform depolarization.

Leaitch et al. (1989) found mainly columns and aggregates
of columns 20 to 100µm in diameter collected from aircraft
1.3 to 3.0 km above the ground during a field program at
Alert in April 1986. SBDART was also used to show that
an estimated average aerosol optical depth of 0.08 produced
a terrestrial IR forcing of less than 1 W m−2.

The results here differ from those obtained further west
and south over the Arctic Ocean during SHEBA where sig-
nificant radiative forcing occurred only with mixed phase
clouds characterized by a thin water cloud topping the di-
amond dust layer (Intrieri and Shupe, 2004). During their
diamond dust events consisting of only ice crystals the op-
tical depths were low enough so that the radiative forcing
by the diamond dust was almost indistinguishable from clear
sky conditions. This is in sharp contrast to the four cases
of strong radiative forcing observed at Eureka in which the
forcing was caused only by the ice crystals.

In a conventional diamond dust event the ice crystals form
near the ground by deposition on ice nuclei under clear skies.
They grow by continued deposition until the ice crystals be-
come visible, especially when viewed towards the sun or
other light source, and may slowly precipitate out as their
terminal velocities increase. The high optical depths and also
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Figure 6a-b.  Detailed cross-section of the a) aerosol backscatter cross-section and b) 

circular depolarization ratio for the Feb 6, 2007 case for the time period used in 

computing the ice crystal surface radiative forcing.   During this time period the 

backscatter and depolarization are very uniform.  Here again a wavy pattern is visible at 

the top of the ice crystal layer. 
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Fig. 6. Detailed cross-section of the aerosol backscatter cross-
section and circular depolarization ratio for the 6 February 2007
case for the time period used in computing the ice crystal surface
radiative forcing. During this time period the backscatter and depo-
larization are very uniform. Here again a wavy pattern is visible at
the top of the ice crystal layer.

the vertical extent of the ice crystals in the four case studies
at Eureka suggested that another more prolific source of ice
crystals may be responsible. We were able to rule out precip-
itation of ice from high clouds using the lidar time series. We
were also able to eliminate blowing snow from the surround-
ing ground as the source of the ice crystals since the wind
were too light to lift the snow and also since the weather ob-
servers did not report any blowing or drifting snow.

The fact that the height of the top of the ice crystal layer
varied from a couple hundred metres to close to 1 kilometer
was a clue since the surrounding ridges and hills varies in
altitude up to about 800 m. It might be that the ice crystals
were being blown from the tops of the ridges where the wind
speed might be much larger than at the Eureka station. The
dark winter skies and also the reduction in visibility from
the ice crystals would make it impossible for the weather ob-
servers to ascertain whether snow was being blown off the
ridge tops.

The daily frequent overpasses at Eureka by the MODIS in-
strument on both the TERRA and AQUA satellite platforms
provide a unique opportunity to look at a daily time sequence
of the geographic extent and possible source of the ice crys-
tals. The results for the 20 March case are detailed in the
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Figure 7a-b.  Detailed cross-section of the a) aerosol backscatter cross-section and b) 

circular depolarization ratio for the Mar 21, 2007 case for the time period used in 

computing the ice crystal surface radiative forcing.   During this time period the 

backscatter and depolarization are very uniform. 
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Fig. 7. Detailed cross-section of the aerosol backscatter cross-
section and circular depolarization ratio for the 21 March 2007 case
for the time period used in computing the ice crystal surface radia-
tive forcing. During this time period the backscatter and depolar-
ization are very uniform

various panels of Fig. 16. The 20 March case is presented
in greater detail here since the sun is above the horizon for
about half the day and so both the thermal infrared and re-
flected solar channels can be investigated. Figure 16 presents
6 vertical panels showing the time evolution for 20 March,
the ice crystal event day, in the top two horizontal panels,
and for 21 March, the next day which has clear skies without
ice crystals, in the bottom two horizontal panels.

We attempted to match the time of day as close as possible
for the two days in each vertical panel set. The color im-
ages are the 11.03µm brightness temperature from MODIS
channel 31 which is in the transparent window region and is
used to determine the surface skin temperature in clear skies.
The 21 March clear sky picture in the IR shows warmer re-
gions are caused by the topography. The strong temperature
inversion results in warmer surface temperatures in higher
terrain. Indeed the match between the brightness temperature
and the topography is excellent and relatively constant during
the course of the day on 21 March. However, by comparing
the top and bottom IR images for each time of day it is ap-
parent that on 20 March there were large additional areas also
emitting at warmer temperatures that cannot be explained by
the topography. Furthermore these warm regions occur as
plumes aligned NNW to SSE and appear to the streaming off
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Figure 8:  Vertical profiles for the Dec. 10, 2006 case averaged over the ice crystal event 

times 13:00 to 13:10 UT.  a) particle backscatter cross-section per volume (m-1 sr-1),  b) 

particle extinction cross-section per volume (m-1), c) particle linear depolarization and d) 

cumulative particle optical depth, obtained by averaging the 2.5 s measurements from the 

AHSRL over the time period given above.  The dotted lines in a) and c) are one standard 

deviation away from the mean calculated from the 2.5 s measurements. 
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Fig. 8. Vertical profiles for the 10 December 2006 case averaged
over the ice crystal event times 13:00 to 13:10 UT.(a) particle
backscatter cross-section per volume (m−1 sr−1), (b) particle ex-
tinction cross-section per volume (m−1), (c) particle linear depolar-
ization and(d) cumulative particle optical depth, obtained by aver-
aging the 2.5 s measurements from the AHSRL over the time period
given above. The dotted lines in (a) and (c) are one standard devia-
tion away from the mean calculated from the 2.5 s measurements.

the tops of the ridges. This becomes more obvious when the
time sequence is examined during the course of the day on
the 20th.

In the center two images for each vertical panel the
0.858µm albedo using MODIS channel 2 is shown. This
channel is used because it has the highest horizontal reso-
lution of 250 m at nadir and is preferred over the 0.645µm
albedo since it has slightly less solar scattering making the
shadows more distinct. On the clear day, the 21st, the shad-
ows from the ridges and hills show the topography very
clearly. It compares very well with the location of the warm
skin temperatures on the IR images below. However on
the 20th the albedo image shows the presence of reflective
plumes which are casting shadows and are aligned NNW to
SSE, appearing to stream off the higher topographic features.

The images provided by MODIS show that the ice crystal
event at Eureka on 20 March is caused by snow blown off the
ridges to the NW and being advected towards Eureka in dis-
tinct plumes. This helps to explain the vertical extent of the
ice crystal layer which matches the height range of the ridges.
It also helps to explain why the ice crystal layer can change in
optical thickness and altitude so rapidly since any variation in
wind speed and direction can cause different portions of the
plume to be over Eureka. For the other three cases there are
no solar reflectance images available because of the winter
night. However the thermal infrared images were examined
(not shown here) and the same pattern of warm plumes ad-
vecting off the ridges is clearly evident.

The evidence presented in this study suggests the follow-
ing explanation for the high optical depth cloud-free ice crys-

 

 
 
 
Figure 9.  Same as figure 8 except for Jan 24, 2007 case, averaged over 19:30 to 20:00 

UT. 
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Fig. 9. Same as Fig. 8 except for 24 January 2007 case, averaged
over 19:30 to 20:00 UT.

 

 
 
 
Figure 10.  Same as figure 8 except for Feb 6, 2007 case, averaged over 21:50 to 22:10 

UT. 
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Fig. 10. Same as Fig. 8 except for 6 February 2007 case, averaged
over 21:50 to 22:10 UT.

tal events at Eureka. The winds are strong enough 500 m
above the ground at Eureka to lift the snow from the ridge
tops about 10 km away even though the winds are calm or
very light at Eureka. Since the atmospheric layer from the
ground to the ridge height is thermally very stable one ex-
pects vertical mixing to be strongly inhibited. Since the ver-
tical motion field is likely very weak within the stable bound-
ary layer other than possible wind-shear induced Kelvin-
Helmholtz undulations, the ice crystals must reach the sur-
face simply from their terminal velocities. The largest ice
crystals created by the blowing snow from the ridge tops will
fall out the fastest and closest to the ridge. The ice crystals
which reach Eureka at the ground must first be advected by
the strong NW winds at around 600 to 800 m. However their
terminal velocity will allow them to fall out of the strong
wind layer into the quiet air closer to the ground. At this
point they can slowly settle out, although deposition, sub-
limation and accretion can be occurring during this fall-out
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Figure 11.  Same as figure 8 except for Mar 21, 2007 case, averaged over 00:50 to 01:00 

UT. 
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Fig. 11. Same as Fig. 8 except for 21 March 2007 case, averaged
over 00:50 to 01:00 UT.

 

 
 

Figure 12.  Radiosonde profiles extending to 2000 m for the Dec 10, 2006 case for up to 

4 times bracketing the ice crystal event.  The four panels show the a) air temperature, b) 

relative humidity with respect to water, c) wind speed and d) wind direction profiles.  

Note that the wind profile was missing for 2 of the times.  The solid half circles are the 

surface observations taken at the hour of the radiosonde launch. 
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Fig. 12. Radiosonde profiles extending to 2000 m for the 10 De-
cember 2006 case for up to 4 times bracketing the ice crystal event.
The four panels show the(a) air temperature,(b) relative humidity
with respect to water,(c) wind speed and(d) wind direction pro-
files. Note that the wind profile was missing for 2 of the times. The
solid half circles are the surface observations taken at the hour of
the radiosonde launch.

depending on the ice saturation conditions in the boundary
layer air Figs. 12 to 15 show that the air layer containing
the ice crystals was close to or exceeded ice saturation sug-
gesting that the ice crystals have been interacting with the
ambient water vapor. The ice crystals should be viewed as a
residual that originates from blowing snow since their shape
and size were likely modified and have undergone sedimen-
tation during its transit from the ridges to Eureka. Future
measurements are needed to compare the ice crystals’ shapes
and sizes between topographic blowing snow residuals and

 

 
 
Figure 13.  Same as figure 13 except for Jan 24, 2007 case. 
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Fig. 13. Same as Fig. 13 except for 24 January 2007 case.
 

 
 
Figure 14.  Same as figure 13 except for Feb 6, 2007 case. 
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Fig. 14. Same as Fig. 13 except for 6 February 2007 case.

diamond dust. Walden et al. (2003) measured differences
between diamond dust and blowing snow ice crystals in the
Antarctic winter but at temperatures much colder than at Eu-
reka. The blowing snow residual events would be classified
as ice crystals by the surface weather observers since they
would have no way of knowing that the ice crystals origi-
nated as blowing snow from the higher terrain. Furthermore
the surface winds were too light at the observing station to
produce blowing snow locally.

The high optical depth ice crystal events from topograph-
ically induced blowing snow residuals result in large down-
ward radiative surface forcing in the thermal infrared of up
to 36 W m−2 or 36% of the downward irradiance. This is
distinct from the increase in downward surface longwave ra-
diation measured by Yamanouchi and Kawaguchi (1985) in
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Figure 15.  Same as figure 13 except for Mar 21, 2007 case. 
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Fig. 15. Same as Fig. 13 except for 21 March 2007 case.

Antarctic drifting snow because the events at Eureka origi-
nate from blowing snow at the ridge tops at least 10 km away,
not from blowing or drifting snow due to local surface winds.

The classical diamond dust phenomenon is believed to
contribute to a dehydration of the Arctic winter boundary
layers which enhances the radiative cooling to space from
the surface. This operates because the water mass associ-
ated with the diamond dust is provided by the water vapor
in the boundary layer. The ice crystals slowly settle to the
ground and hence the event is a net sink for water vapor in
the boundary layer column.

For the high optical depth ice crystal events observed at
Eureka, where the ice crystals are the settled remains of
blowing snow streamers aloft, it cannot be argued that there
is a net sink of water vapor. Indeed it is possible that the ice
crystals are subliming in the warmer air near the height of the
ridges and may be increasing the amount of the water vapor
there. If that occurs then some of the increase in surface ra-
diative forcing could be from higher water vapor content in
the layer containing the ice crystals from the residual blow-
ing snow. The dehydration effect may be completely absent
and may even by replaced by a net moistening of the bound-
ary layer resulting in less radiative cooling from the ground
to space.

As part of the Canadian Arctic Shelf Exchange Study
2003/04 expedition, Savelyev et al. (2006) deduced that sub-
limation rates were low during blowing snow events. Al-
though the high optical depth ice crystals events considered
in our case studies originated as blowing snow from the sur-
rounding ridge tops it is important to separate them from
blowing snow events that are observed in situ and that are
caused by sufficiently strong local surface winds to lift the lo-
cal surface snow. The presence of strong local surface winds
will modify the boundary layer mixing processes and sur-
face latent and sensible heat fluxes compared to the quiescent
boundary layers in our case studies.

a     March 20, 2007   13:45 UT   b    March 20, 2007   15:25 UT 
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a    March 21, 2007  14:30 UT  b      March 21, 2007      16:10 UT 
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Fig. 16. A time series of MODIS images centered on Eureka is
shown over three pages. Each of the columns (a–f) represents a
different time. The top row (1) is the 11.03µm brightness tem-
perature (MODIS channel 31) at a nadir horizontal resolution of
1 km for the ice crystal event on 20 March 2007. The second row
(2) is the 0.86µm reflectance (MODIS channel 2) at 250 m nadir
horizontal resolution for the same times as the top row brightness
temperature. The bottom two rows (3 and 4) are the time series
for reflectance and brightness temperature for the following day, 21
March 2007, during which the skies over Eureka and over most of
the display area are clear with no ice crystals detectable by MODIS.
The 21 March times are the closest available to the 20 March times
in order to make a comparison between the ice crystal event and
clear skies under similar solar illumination. Going from left to right
(a to f) across the three pages the times shown for 20 March are
13:45, 15:25, 17:05, 18:20, 19:55 and 21:35 UT, while the corre-
sponding times for 21 March are 14:30, 16:10, 17:45, 19:00, 20:40
and 22:15 UT. The first three columns (a to c) are from the Aqua
platform while the last three columns (d to f) are from the Terra
platform.
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e     March 20, 2007  19:55 UT  f     March 20, 2007   21:35 UT 
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e     March 21, 2007   20:40 UT  f     March 21, 2007  22:15 UT 
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Fig. 16. Continued.

6 Conclusions

Ice crystals are reported by surface weather observers al-
most continuously at Eureka during the winter. At times
these events are characterized by optical depths as high as
2.0 and vertical extents up to about 1 km. In a study of four
such events from December 2006 to March 2007 it was de-
termined that the ice crystals were being advected from the
ridges to the North-West of Eureka by strong winds at the
altitude of the ridge tops. The ice crystals eventually set-
tled into the quiescent stable boundary layer below. The
strong ice crystal events at Eureka are not the classical di-
amond dust phenomenon, but instead originate as blowing
snow from the surrounding higher terrain at distances of at
least 10 kilometers which allows time for the ice crystals to
modify their shape and size and undergo sedimentation be-
fore reaching Eureka.

The high optical depth ice crystal events result in large
downward radiative surface forcing in the thermal infrared
of up to 36 W m−2 or 36% of the downward irradiance. This

can have important consequences for the surface energy bal-
ance. Since the frequency and magnitude of these events is
in large part determined by the local topography the effects
on the radiative balance will be highly regional. In those re-
gions where the events occur frequently we can expect that
the local character of the stable winter-time boundary layer
will be influenced by the presence of the wind swept ice crys-
tals. Since these events are episodic and most of the Arctic
consists of ocean away from topography we cannot conclude
that the overall Arctic radiative budget climatology is signif-
icantly affected. However the topographic source of these
high optical depth events explains why they were not ob-
served as part of the SHEBA experiment.

Since high optical depth ice crystal events are also caused
by topography and wind profile conditions, instead of the
classical diamond dust depositional method, a new assess-
ment of the mechanisms associated with Arctic atmospheric
dehydration by diamond dust, and the interaction between
ice crystals, aerosols, radiation, wind regime and topography
should be considered.
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