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Summary

This thesis chiefly addresses a) the use of Automatic Weather Stations (AWS) in de-
termining the near-surface climate and heat budget of Antarctica and, specifically,
Dronning Maud Land (DML), and b) the determination of source regions of Antarc-
tic moisture with the aid of a trajectory model and an atmospheric model. The pri-
mary motivation behind this interest is the drilling of two ice cores in the Antarctic
ice sheet within the framework of the European Project for Ice Coring in Antarc-
tica (EPICA). A thorough knowledge of the meteorological conditions will increase
our understanding of the processes that influence the surface mass balance and heat
budget.

In Chapter 2, ground-based observations of broadband, narrowband, and bidi-
rectional reflectance are used to study the albedo of blue ice and snow. During sum-
mer, surface albedo plays an important role in the amount of heat exchanged be-
tween the surface and the atmosphere. The main objective of the study is to improve
the methods used to derive surface albedo from satellite measurements and arrive
at a better understanding of the processes influencing the magnitude of the albedo.

Chapters 3, 4 and 5 describe the data obtained from ten AWS in Antarctica and
how they were used to determine the local surface energy budget. The AWS were
placed on two transects perpendicular to the coastline in DML and one on Berkner
Island. As expected, mainly the strength of the katabatically forced flow, in com-
bination with the geostrophic flow, determines the near-surface conditions at these
locations. The katabatic flow varies in strength depending on the magnitude of sur-
face slope and temperature inversion, and is not active on Berkner Island, a station
on a topographic dome. In DML, the strength of the katabatic flow varies, resulting
in maximum wind speeds and potential temperatures at the sites with the steepest
slopes, at the edge of the Antarctic plateau. The annual mean wind speed varies
between 4 ms™!, near the coast and on the plateau, to 7 ms™!, on the edge of the
plateau. The annual mean potential temperature varies between -18 °C and -1 °C.
The annual mean temperature ranges from -16 °C in the coastal area, where occa-
sional melt occurs, to -46°C on the Antarctic plateau. Owing to the low temper-
atures, the specific humidity is very low. Accumulation is highest in the coastal
regions and decreases with increasing elevation and distance from the coast, from
~400 mm water equivalent per year (w.e. yr—!) near the coast to ~30 mm w.e.yr—*
on the plateau.



iv Summary

The AWS data, together with a model based on Monin-Obukhov similarity the-
ory, are used to calculate the surface energy budget for the measuring period. The
strength of the katabatic flow largely determines not only the near-surface meteoro-
logical conditions but also the surface energy budget. The annual average energy
gain at the surface from the downward sensible heat flux varies between ~3 Wm ™2
to 25 Wm~2, with the highest values at the sites with the highest wind speeds and
potential temperatures. The negative net radiative flux largely balances the sensible
heat flux and ranges from ~2 Wm~2 to 28 Wm™2. The average latent heat flux is
generally small and negative (~-1 Wm™?), indicating mass loss through sublima-
tion. The annual subsurface fluxes are small (~-0.2 W m—2).

In Chapters 6 and 7, moisture sources of snow falling at five deep-drilling loca-
tions in Antarctica (Byrd, DML05, Dome C, Dome F and Vostok) are defined, based
on five-day backward air parcel trajectories calculated from data of the European
Centre for Medium Range Weather Forecasts. Based on model precipitation, a dis-
tinction is made between cases with and without snowfall at the point of arrival. Of
the snowfall trajectories ending at DMLO5 in 1998, 40 - 80 % originate in the Atlantic
Ocean between 40 and 60 °S, within four days before arrival. Evaporation along
these trajectories is largest during the first half. A case study for May 1998 shows
that during snowfall exceptionally high temperatures and wind speeds prevail in the
atmospheric boundary layer. The trajectories from the ECMWF Re-analysis Project
(ERA-15) cover a 15-year period and show that the oceans closest to the five drilling
sites contribute most of the moisture. The latitude band contributing most (~30%)
of the total annual precipitation is at 50 - 60 °S, the area just north of the sea ice edge.
The calculated trajectories show seasonal dependency, resulting in a seasonal cycle
in the moisture sources, which is further enhanced by a seasonal cycle in the amount
of precipitation.



Chapter 1

Introduction

1.1 Background: climate changes

In the history of the Earth, the climate has changed considerably numerous times
(Dansgaard et al., 1993; Greenland Ice-core Project (GRIP) Members, 1993; Petit et al.,
1999). The variability in the Earth’s climate system is caused by natural variations
in factors such as solar insolation, ocean currents and atmospheric composition due
to, for example, volcanic eruptions. During the last century, climate has been addi-
tionally influenced by anthropogenic sources, e.g., CO, and methane emissions from
fossil fuel burning. The sensitivity of the climate system to changes in, e.g., insolation
or atmospheric constituents, differs per region. Climate studies have shown that the
polar regions are more sensitive to climatic changes than other regions owing to the
albedo feedback mechanism (Oerlemans and Bintanja, 1995). Viewed in this light,
the Antarctic and Greenland ice sheets are interesting regions to study, also because
of their potential contribution to sea level rise. The Greenland ice sheet represents
a potential sea level rise of ~7 m and complete melting of the Antarctic ice sheet
would raise the sea level by ~60 m. In comparison, the fresh water stored in glaciers
and small ice caps represents a potential sea level rise of ~0.5 m (IPCC, 1995).

Not only the (changing) conditions on the surface of the Greenland and Antarctic
ice sheets yield valuable information, the ice itself also contains a wealth of historic
climate information. Data pertaining to past climate and state of the local atmo-
sphere, such as temperature, chemical composition and atmospheric circulation, are
stored in the ice. Owing to the considerable thickness of the ice (3000 to 4000 m) and
the low accumulation rate, the length of the records that can be obtained is on the
order of 150 to 500 kyr. These records include several glacial-interglacial cycles (Petit
et al., 1999). To gain access to these climate records, several deep ice cores have been
drilled in the Antarctic and Greenland ice sheet, e.g., Vostok, Byrd, Dome F, Taylor
dome (Antarctica), Greenland Ice Core Project (GRIP and North GRIP) and Green-
land Ice Sheet Project (GISPII) (see for example Greenland Ice-core Project (GRIP)
Members (1993); Dome-F Ice Core Research Group (1998b); Petit et al. (1999); Mul-
vaney et al. (2000)). These ice cores have provided insight in the climate at these
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Figure 1.1. Time series of (a) deuterium excess and (b) CO. in the Vostok ice core, Antarctica
(Petit et al., 1999). CO; is presented in parts per million volume (ppmv).

locations over the past 150 to 400 kyr, through the isotope composition of the ice
itself, the presence of other elements in the ice, and the composition of air bubbles
enclosed in the ice. Figure 1.1 presents an example of records obtained from the
Vostok ice core, Antarctica. Deuterium excess is often used as a proxy for air temper-
ature and represents a local signal. CO, is stored in the air bubbles and marks global
variations in atmospheric composition.

The interpretation of the obtained records is, however, not straightforward. The
climatic record is of little value unless the age of the ice is known as a function of
depth. Counting annual layers is the most exact method of determining the age of
the ice. When the annual layers are too thin and the dates of volcanic ash horizons
not well known or no volcanic horizons are present, dating the ice relies on com-
parison with other dated climate records and ice flow modelling (Patterson, 1994).
This introduces additional uncertainties and can result in completely different inter-
pretations of ice core records (Mulvaney et al., 2000). A further problem is how to
relate the obtained records of, e.g., isotope content (e.g., hydrogen and oxygen iso-
topes) and gas composition (such as CO, and CHy) to the state of the atmosphere at
a given point in time. The climate recorded in ice cores is mainly determined by the
local snowfall conditions and by the origin of the air and moisture. The conditions in
which snowfall occurs need not represent the mean conditions at that point (Noone
and Simmonds, 1998; Noone et al., 1999). Several factors, such as changes in season-
ality of snowfall and changes in moisture source regions (Jouzel et al., 1997; Werner
et al., 2000), may bias the ice core record.

The stable-isotope ratios of hydrogen (D) and oxygen (6'30) in the ice are exam-
ples of how ice records are related to climate signals and are often used as a proxy
for temperature (Petit et al., 1999). In Antarctic ice core records, temperature is of-
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Figure 1.2. (a) Time series of §'%0 values and derived temperature changes with respect to
the present temperature, of the GRIP ice core, Greenland (Dansgaard et al., 1993; Taylor et al.,

1993). (b) Time series of deuterium excess values and derived temperature changes with re-
spect to the present temperature, of the Vostok ice core, Antarctica (Petit ef al., 1999).

ten related to the deuterium excess d, which is a linear combination of the §D and
§180 values (Petit et al., 1991; Jouzel et al., 1997). To obtain a temperature record from
d or §'80, the relation between annual mean d or §'80 and the annual mean tem-
perature needs to be known and is assumed to be linear and constant in time and
space. Figure 1.2 presents the time series of §'%0 for the GRIP ice core, Greenland,
and d for the Vostok ice core, Antarctica, with the linearly derived temperature de-
viation with respect to the present mean temperature for the last glacial-interglacial
cycle (~150 kyr) (Dansgaard et al., 1993; Taylor et al., 1993; Petit et al., 1999). The fig-
ure shows striking similarities between the GRIP and Vostok records. Both records
show the sudden increase in temperature at the end of the last glacial maximum
(LGM) towards the Holocene (the last ~11,500 yr). At ~130 kyr before present (BP),
both records show an interglacial with a decrease in temperature towards the LGM.
The Greenland ice core exhibits large temperature variations occurring during the
LGM. Not all these variations have corresponding jumps in the Antarctic core.

The assumption of linearity in the above relations is reasonable, as shown by
Jouzel et al. (1997). However, these relationships are based on present-day condi-
tions and the assumption that the relation remains constant in time is questionable
(Jouzel et al., 1997; Jouzel, 1999; Werner et al., 2000). Borehole thermometry and vari-
ous isotopes in the Greenland ice sheet indicate a temperature difference between the
present and the LGM that is about twice as large as the difference estimated by the
d180 method (Jouzel, 1999), indicating that the coefficients of the linear relationships
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are not constant in time. §'®0 and d in Antarctic and Greenland snow represent a
variety of complex processes. They depend on the surface temperature of the ocean
from which the moisture evaporated, the subsequent cycles of condensation and
evaporation and the temperature at which the moisture finally condenses before it
precipitates. The relationship will therefore depend on moisture source region, sea-
sonality of the snowfall and local conditions. This hampers the interpretation of the
080 and d record (Jouzel et al., 1997; Krinner et al., 1997a; Schlosser, 1999; Werner
et al., 2000).

In spite of the problems involved with the interpretation of ice cores, the 6'*0O
and d records as well as records of other isotopes and gas content of the ice have
provided us with valuable information of the climate over the last 150 to 400 kyr. Be-
sides answering questions, they also left several interesting issues unanswered and
raised new ones. How are climate changes coupled between the two hemispheres?
Are the rapid climate changes in the LGM, observed in Greenland ice cores, con-
fined to the Northern Hemisphere or are they global phenomena? To answer these
and other questions the ice core records of Greenland and Antarctica have to be com-
pared with other records obtained from, e.g., tree rings, lake sediments and deep sea
cores. Automatic weather stations (AWS) can provide additional knowledge, giv-
ing more insight in the local conditions in which snowfall occurs and the interaction
between the atmosphere and snow surface. Furthermore, the use of General Circula-
tion Models (GCMs), climate models and numerical weather prediction models can
give information about the state of the atmosphere in present and past climate and
the origin of the moisture. This thesis addresses a) the use of AWS in determining
the near-surface climate and heat budget of Antarctica, and b) the determination of
source regions of Antarctic moisture with the aid of a trajectory model and an atmo-
spheric model. The primary motivation behind this interest is the drilling of two ice
cores in the Antarctic ice sheet within the framework of the European Project for Ice
Coring in Antarctica.

1.2 The European Project for Ice Coring in Antarctica

The European Project for Ice Coring in Antarctica (EPICA) is a joint ESF (European
Science Foundation) / EU scientific programme in which ten European countries' co-
operate in a joint effort to drill two deep ice cores in Antarctica and analyse the data.
The main objective of EPICA is to construct a high-resolution climate record for the
Antarctic, and compare the results with other Antarctic and Greenland records to
answer questions raised by the existing ice cores. The cores are drilled at Dome C
(Wolff et al., 1999) and DMLO05 (Oerter et al., 2000) (Figure 1.3). The location of Dome
C was chosen for its location on a topographic dome, where distortions in the layer-
ing due to ice flow is expected to be minimal. Furthermore, the ice thickness at this
location is considerable, 3250 & 25 m (Tabacco et al., 1998), and the accumulation rate
is low, ~36 mm water equivalent per year (w.e. yr ') (Petit et al., 1982), which makes

]Belgium, Denmark, France, Germany, Italy, the Netherlands, Norway, Sweden, Switzerland and the
United Kingdom
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Figure 1.3. Map of Antarctica, showing the locations of the Automatic Weather Stations
(AWS, numbers) and other stations mentioned in this thesis. AWS 9 is situated ~2 km west
of DMLO05. The box indicates Dronning Maud Land (DML) (Figure 1.4); grey areas are ice
shelves; FRIS, Filchner-Ronne Ice Shelf; RIS, Ross Ice Shelf.

it possible to obtain a record covering a time span of ~500 kyr, containing several
glacial-interglacial cycles. Drilling of the Dome C core started in the austral summer
of 1997-98 and first results were reported in, e.g., Wolff et al. (1999), Mulvaney et al.
(2000) and Rothlesberger et al. (2000).

The Atlantic Ocean is considered an important link between Antarctic and Green-
land climate records (Stocker, 1999). The second EPICA core will therefore be drilled
at DMLO5, in Dronning Maud Land (DML), an area of Antarctica bordering the
Atlantic Ocean (Figure 1.3). The relatively high accumulation rate at the selected
drilling site, ~62 mm w.e.yr—! (Oerter et al., 2000) and the ice thickness of ~2000 m
(Steinhage et al., 1999) make it possible to obtain a detailed record of the last glacial-
interglacial cycle. Drilling at DMLO5 started in the austral summer of 2000-01. An
extensive reconnaissance was made of DML, to identify the optimal site for the deep
drilling, preceding the actual drilling at DML05. The EPICA DML pre-site surveys
started in the austral summer of 1995-96 and consisted of detailed mapping of the
surface and bedrock topography (Steinhage et al., 1999), drilling and analysis of shal-
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low and medium deep ice cores and snow pits (Stenberg et al., 1999; Karlof et al.,
2000), study of accumulation patterns (Isaksson ef al., 1999; Oerter et al., 2000) and
study of the meteorological conditions in DML by means of automatic weather sta-
tions and atmospheric modelling (Van den Broeke et al., 1999; Van Lipzig et al., 1999;
Holmlund et al., 2000; Bintanja, 2001). The purpose of the AWS and atmospheric
models within EPICA is to increase our knowledge about the present mass balance
in DML, and to study the energy exchange between atmosphere and snow surface
and, therefore, help with the interpretation of ice cores. For example, the AWS pro-
vide detailed measurements of meteorological parameters such as accumulation and
temperature which give insight into the seasonality of the snowfall and the meteoro-
logical conditions in which most snowfall occurs, and are factors that determine the
climate recorded in ice cores.

1.3 The Automatic Weather Stations

In the last two decades, about 100 AWS have been deployed and used to study me-
teorological processes close to the surface and climatological conditions in several
regions of Antarctica (Allison et al., 1993; Stearns and Weidner, 1993; Bintanja et al.,
1997; Enomoto et al., 1998; Takahashi ef al., 1998; Reijmer et al., 1999a). Because of the
vastness of the continent, the number of observations was still limited. Moreover, the
stations were not evenly distributed over the continent and none of the stations were
located in DML. AWS are designed to work for long periods without being serviced
and offer the opportunity to measure meteorological variables in remote areas and
in harsh weather conditions. This thesis centres on the use of the AWS placed within
the framework of EPICA to study the climate of DML. The data will give us insight
into the meteorological conditions in DML over a period of several years, following
up on the studies of Jonsson (1995), Konig-Langlo et al. (1998), Bintanja and Reijmer
(2001) and others. Data could also be used to validate climate and weather predic-
tion models currently used to study the Antarctic climate (Genthon and Braun, 1995;
King and Connolley, 1997; Krinner et al., 1997b; Van Lipzig et al., 1999).

1.3.1 Location

The Institute for Marine and Atmospheric Research Utrecht (IMAU) of Utrecht Uni-
versity, The Netherlands, operates the AWS in DML. At present, IMAU operates
ten stations in Antarctica, the first of which was positioned on the south dome of
Berkner Island in February 1995. In January 1997, three additional stations (AWS
1, 2 and 3) were installed during the Norwegian/Swedish/Dutch ground traverse
(Winther et al., 1997). In the austral summer of 1997-98, five additional stations were
installed during a Swedish/Norwegian/Dutch ground traverse (Holmlund et al.,
2000). Staff of the Alfred Wegener Institute (AWI) in Germany established the tenth
station (AWS 9) ~2 km west of the EPICA drilling site in DML, in December 1997.
Table 1.1 presents more details of the AWS locations. Figure 1.4 shows the locations
of the IMAU AWS in DML.
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Table 1.1. Characteristics of the IMAU AWS.

AWS Latitude Longitude  Elevation Slope Start date Hinit p
(masl) (mkm~1) (m) (gkg™h)
1 (Site A) 71°54.0°'S 3°05.0'E 1420 19.5+£25.1  31-12-1996 3.19 370+2
2 (Site C) 72°15.1'S 2°53.5'E 2400 37.24+15.7  03-01-1997 2.90 325+25
3 (Site M) 75°00.0'S 15°00.1'E 3453 0.74+0.3 28-01-1997 2.56 32548
4 (1090) 72°45.2’S  15°29.9'W 34 0.0+0.5 19-12-1997 2.63 390+50
5 (CM) 73°06.3'S  13°09.9W 363 13.5+6.4 02-02-1998 2.73 450426
6 (Svea cross)  74°28.9°S  11°31.00W 1160 15.0+£30.9  14-01-1998 2.83 450+50
7 (SBB01) 74°34.7’S  11°03.00W 1172 - 31-12-1997 0.70 850
8 (CV) 76°00.0'S 8°03.00W 2399 2.240.8 12-01-1998 2.64 345422
9 (DMLO05) 75°00.2’S 0°00.4°E 2892 1.3+0.3 29-12-1997 2.26 335425
Berkner 79°34.0'S  45°46.9W 886 5.3+1.8 12-02-1995 2.95 368.2

Notes: The surface slope is based on a 10 by 10 km Antarctic Topography (data courtesy of J. Bamber,
Bristol University). Slope error estimates are the standard deviations in the mean of 8 points surrounding
the AWS. AWS 7 is located in a valley, not resolved in this topography, therefore the calculated slope is
faulty and omitted. H;n¢, initial height of the height sensor; p, mean snow density based on firn core
measurements averaged over the first 0.5 m of firn. Density data AWS 1, 2 and 3 courtesy of M.R. van
den Broeke, Utrecht University, 1999; AWS 4, 5 and 8 courtesy of L. Karl6f, Norwegian Polar Institute,
Tromse, 1999; AWS 9 courtesy of H. Oerter, Alfred Wegener Institute, Bremerhaven, 2000.

References: Between brackets the internationally used names for the sites: Site A, C, M, Van den Broeke
et al. (1999); 1090, CM, Svea cross, SBB01, CV, Holmlund et al. (2000); DMLO05, Oerter et al. (2000)

Berkner Island is a large island completely covered by ice and surrounded by
the Filchner-Ronne ice shelf, south of the Weddell Sea, Antarctica (Figure 1.3). The
AWS measurements were carried out on Thyssen Hohe, the South Dome of Berkner
Island. Due to its location on a dome, the station is probably not affected by the
predominant katabatic flow found in most other areas of Antarctica. A dome is also
a very suitable place for ice coring because distortions due to ice flow are minimal.
The British Antarctic Survey (BAS) plans to drill an ice core to the bedrock at this
location, within the framework of EPICA. The results of the AWS, especially the
temporal variations in the measured mass balance and air temperature, will be useful
in the interpretation of the ice core record.

The other nine IMAU AWS were placed in DML, which was one of the least ex-
plored regions of Antarctica. Norwegian whalers were the first Europeans to visit
the region, in the early 1920s. The first significant scientific expeditions to the area
where the German Schwabenland expedition in the austral summer of 1938-39 and
the Norwegian-British-Swedish expedition in 1949-52. Permanent occupation and
continuous meteorological observations began in the 1950s, preceding the Interna-
tional Geophysical Year, 1957-58, at Halley, a permanently occupied British base on
the Brunt Ice Shelf. In the following years, several stations were founded along the
coast of DML of which Sanae, a South-African base, in 1962, and Neumayer, a Ger-
man station on the Ekstrom ice shelf, in 1981, are the only other wintering stations in
the area. There are, however, only a few inland stations that measure meteorological
variables in DML on a continuous basis, e.g., Dome F and Relay station (Enomoto
et al., 1998; Takahashi et al., 1998). The AWS placed within the framework of EPICA
have improved on that significantly.
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Figure 1.4. Map of Dronning Maud Land (DML), Antarctica, showing the locations of the Automatic
Weather Stations (AWS). AWS 9 is situated ~2 km west of DMLO5, the EPICA drilling site. In the
inset map of Antarctica the shaded area is DML and Bi denotes Berkner Island.

The locations of the AWS were chosen to cover a substantial part of western DML
between an AWS transect south of Halley, operated by the United States Antarctica
Research Program (USARP) (Stearns et al., 1997), and a transect of six AWS located on
a line from Syowa station to Dome Fuji, operated by the Japanese Antarctic Research
Expeditions (JARE) in co-operation with USARP (Enomoto et al., 1998; Takahashi
et al., 1998). The DML AWS fill the spatial gap between these two lines of AWS cov-
ering an area from 15°W to 15°E and 72°S to 76°S (Figure 1.3). The AWS in DML are
placed on two transects perpendicular to the coastline representing different climate
regimes; the coastal area, the escarpment region and the Antarctic plateau. AWS 4 is
located in the coastal area on an ice shelf where the influence of passing depressions
will be considerable and accumulation is largest. AWS 5 is located on the lower part
of the ice sheet near the grounding line. AWS 1, 2, 6 and 7 are located close to or
on the steep slope towards the Antarctic plateau where the influence of the predom-
inant katabatic flow is expected to be considerable. AWS 3, 8 and 9 are located on
the Antarctic plateau, less influenced by the katabatic flow and depressions. Nearly
all stations are located on snow; only AWS 7 is located on blue ice. Results from this
station are presented in Bintanja and Reijmer (2001).
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Figure 1.5. (a) Schematic picture of a weather station and (b) a photo of AWS 5. Mounted left on
the yeard the four radiation sensors, right on the yard the wind speed, wind direction and instrument
height sensors, below the yard, the temperature and humidity sensors and at the top of the mast the
Argos antenna. Air pressure is measured in the electronics box, which is below the snow.

1.3.2 Experimental set-up

All stations consist of a vertical mast placed on a four-legged frame. They measure
air temperature, wind speed, wind direction, instrument height, air pressure and in-
coming shortwave radiation at one level above the surface (Figure 1.5). Except AWS
2, all stations additionally measure firn temperatures at two (Berkner Island), eight
(AWS 1 and 3) or ten (AWS 4 to 9) different depths. AWS 4 to 9 additionally mea-
sure relative humidity, reflected shortwave radiation, and incoming and outgoing
longwave radiation. Table 1.2 presents the sensor types used on the weather stations
and some technical details. The stations sample every six (Berkner Island and AWS
1 to 3) or five (AWS 4 to 9) minutes. Hourly means are calculated for Berkner Island
and AWS 1 to 3, and two-hourly means for AWS 4 to 9. The hourly and two-hourly
averages are stored locally and transmitted using Argos transmitters. The stations
are powered by batteries and are designed to work for two to three years without
being serviced. The choice for one measuring level instead of more is based on the
desire to operate the stations in a remote area and in harsh weather conditions with-
out the possibility to carry out frequent maintenance. Additional reasons are energy
efficiency and more rapid snowing under of lower levels.

The accuracy of the sensors was tested in inter-comparison experiments in the
Netherlands in the year prior to placement in Antarctica. The sensors are not venti-
lated for reasons of energy efficiency, which particularly affects the accuracy of the
air temperature and relative humidity sensors. The magnitude of the resulting error
depends on the amount of reflected solar radiation, the wind speed and the type of
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Table 1.2. Sensor types with measuring range and accuracy.

Sensor AWS Type Range Accuracy
Temperature I Aanderaa 2775C -90 to +30°C 0.1°C
I Vaisala HMP35AC -80 to +56°C 0.3°C
Humidity I Vaisala HMP35AC 0to 100 % 2% (RH < 90 %)
3% (RH > 90 %)
Wind speed I Aanderaa 2740 0.5to 76 ms~! 0.5ms™1!
II Young 05103 0to60 ms™? 03ms™?!
Wind direction 1 Aanderaa 2750 0 to 360° 5°
II Young 05103 0 to 360° 3°
Pressure I Aanderaa 2775C 600 to 1024 hPa 0.5hPa
I Vaisala PTB101B 600 to 1060 hPa 4 hPa
Shortwave radiation I Aanderaa 2770 0 to 2000 Wm~—2 10 Wm—2
300 to 2500 nm
I Kipp CNR1 305 to 2800 nm 2%
Longwave radiation I Kipp CNR1 -250 to 250 W m™2 15Wm™2
5000 to 50000 nm
Instrument height I Aanderaa 1to4m 0.01m
I SR50 0.5to 10 m 0.01mor0.4%

Notes: The AWS are subdivided into two groups: type I, Berkner Island AWS and AWS 1 to 3,
and type I, AWS 4 to 9. In January 2001, the Berkner Island AWS was replaced by a type-II AWS.
RH, relative humidity.

radiation shield of the sensor. In summer the error can be as large as 10 °C at Berkner
Island AWS and AWS 1 to 3. AWS 4 to 9 use different radiation shields and temper-
ature sensors; comparisons with ventilated temperature and humidity sensors show
no significant radiation error at these stations.

In below 0°C temperatures, the maximum relative humidity that can be mea-
sured decreases. The measurements are corrected for this effect through the method
described by Anderson (1994). After the correction, the uncertainty in the relative
humidity becomes ~5%. The radiation sensors are calibrated before and after op-
eration in Antarctica and show a considerable instrumental drift. Furthermore, the
radiation sensors show a temperature dependency. Below ~-20°C the sensitivity
decreases with decreasing temperature. These factors increase the uncertainty in the
shortwave radiative fluxes to ~10% and the uncertainty in the longwave radiative
fluxes to ~20 Wm 2.

Another problem is occasional rime on the sensors. This causes the wind speed
and wind direction sensors to jam and shields the instrument height and radiation
sensors. Especially for the radiation sensors, it is difficult to judge when this hap-
pens. Problems with data transmission occasionally result in gaps in the data set.
AWS 3, 8 and 9 stop transmitting in winter due to low temperatures. The results
presented in this thesis comprise a six-year data set for the Berkner Island AWS, a
four-year data set for AWS 1 to 3 and a three-year data set for AWS 4 to 9.

The weather station data of the IMAU AWS will be compared with data from
other AWS and permanent stations. Table 1.3 and Figure 1.3 present the location and
some other details of these stations. The table also presents references for data and
more details about the weather stations.
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Table 1.3. Characteristics of weather stations in Antarctica mentioned in this
thesis (Figure 1.3).

Station Latitude  Longitude  Elevation Slope
(m as.l.) (mkm—1)
Byrd? 80°0.0°S 119°24'W 1530 3.5£1.5
Casey? 66°18'S 110°30°'E 41 0.0£26.9
Clean Air / South Pole®  90°0.0°S 0°0.0W 2835 0.3£1.3
D-47¢ 67°24'S 138°42'E 1560 7.0£0.9
Dome C4 74°30'S 123°0'E 3280 0.5+0.1
Dome F¢ 77°19.0'S 39°42.2’E 3810 0.0£0.5
Dumontd’Urvillef 66°42'S 140°0'E 43 10.3£36.4
Elaines 83°6’S 174°12°E 60 0.0+0.0
Filchner?® 77°42'S 51°13.2’W 20 0.1£0.1
Gill® 80°0'S 178°36'W 55 0.2+0.1
Halley®f 75°30'S 26°24'W 39 0.5+1.4
Lettau® 82°30'S 174°24'W 55 0.0£0.1
Marilyn& 80°0'S 165°6'E 75 0.7£0.4
Maudheim" 71°0.0'S 10°54'W 38 1.7£24
Mizuho! 70°42’'S 40°18’E 2230 7.5+1.3
Neumayer! 70°42'S 8°24'W 50 0.7£0.2
Novolazerevskaya® 70°48'S 11°48'E 99 33.7£15.1
Patricks 89°54'S 45°0.0'E 2835 0.3£1.3
Recovery® 80°48'S 22°18'W 1220 6.8+7.1
Relay station® 74°1.2'S 43°3.0'E 3353 2.2+0.5
Sanae® 70°18'S 2°24'W 52 6.7+7.1
Schwertfeger® 79°54'S 170°0'E 60 0.1£0.1
Svea 74°35'S 11°13'W 1250 -
Syowa® 69°0'S 39°36’'E 21 0.0+24.2
Vostok?® 78°30°S 106°54'E 3488 1.0£0.9

Notes: The surface slope is based on a 10 by 10 km Antarctic Topography grid
(data courtesy of J. Bamber, Bristol University). Slope error estimates are the
standard deviations in the mean of eight points surrounding the station.

References: a, King and Turner (1997); b, Carroll (1982); ¢, Allison et al. (1993);
d, Wendler and Kodama (1984); e, Takahashi et al. (1998); f, Kénig-Langlo et al.
(1998); g, Stearns and Weidner (1993); h, Weller (1980); i, Ohata (1985).

1.4 Trajectory studies

Several techniques have been used to trace moisture source regions of Antarctic
snow. Petit et al. (1991) and Ciais et al. (1995) use deuterium excess as tracer in com-
bination with idealised isotope models. These authors conclude that the Antarctic
moisture has a subtropical origin. Peixoto and Oort (1992) came to the same con-
clusion on the basis of atmospheric water balance studies. Other studies, including
5180 (Bromwich and Weaver, 1983), and GCMs (Koster et al., 1992; Delaygue et al.,
2000; Delmotte et al., 2000), suggest a more southerly origin in the mid-latitudes.
Another method to trace source regions of Antarctic moisture is to study the path-
ways along which air parcels transport moisture that precipitates over the Antarctic
continent. These air parcel trajectories can be determined by calculating the dis-
placement of an air parcel during a certain time step. Different types of trajectories
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Figure 1.6. Trajectories starting at AWS 9 (DMLO05) at 650 hPa for 14 May 1998, 0.00 GMT, calcu-
lated five days back at two different spatial and temporal resolutions. In addition, trajectories starting
at 0.1° north, east, south and west of AWS 9, and 5 hPa above and below the original trajectory are
displayed. Each day back is marked with a plus sign.

can be calculated, e.g., isentropic (along surfaces of constant potential temperature),
isobaric (along surfaces of constant pressure) or three-dimensional. The latter most
accurately approximates the true three-dimensional transport path (Stohl et al., 1995;
Kottmeier and Fay, 1998).

To calculate three-dimensional air parcel trajectories, the three-dimensional dis-
placement of an air parcel during a time step At is calculated using an iterative

scheme: At
Xn+1 = Xo + T[V(Xo,t) + V(Xn,t + At)] . (11)

In this equation At is the iteration time step, X, is the position vector of the parcel
at time t, X,, is the n'" iterative approximation of the position vector at time ¢ + At
and v(X, t) is the wind vector at position X and time ¢. The iteration time step can
be positive (forward in time) to calculate the position of an air parcel in the course
of time, and negative (backward in time) to calculate the origin of an air parcel.
As input for the trajectory model, three-dimensional wind fields are necessary and
usually the analyses or 3 to 6 hours’ forecasts of a numerical weather prediction
model are used. The iteration time step is on the order of 10 minutes to 1 hour
and with a temporal resolution of the three-dimensional wind fields of 3 to 6 hours,
interpolation of the wind fields in time and space is necessary (Scheele et al., 1996).
Figure 1.6 presents an example of a backward trajectory started at AWS 9. The
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figure illustrates the sensitivity of trajectory calculations to the spatial and tempo-
ral resolution of the input wind fields and to a small change in starting point of the
calculations. According to Kahl ef al. (1989) and Stohl et al. (1995), uncertainties in-
troduced by the choice of trajectory type and interpolation schemes, are on the order
of 1000 km after five days calculation. Errors in the vertical wind component consti-
tute a major source of uncertainties in the calculated trajectories. The above implies
that the identified source regions after five days have an uncertainty of about nine
degrees latitude. In reality, the uncertainty might be even larger because of the dif-
ference between the analysed wind fields and the real winds, and the presence of
convective systems (such as fronts). In a convective system the air parcel loses its
identity making it impossible to truly trace a single parcel. These important sources
of errors in trajectories are difficult to assess and are not quantified in the uncertainty
estimates presented here. Fortunately, precipitation in the continental polar atmo-
sphere is generally stratiform and convective mixing is usually insignificant. Kahl
et al. (1989) conclude that sensitivity due to differences in gridded meteorological
data bases, i.e. the input wind fields, an indicator for errors in the wind fields, can be
larger than the sensitivity due to different trajectory calculation methods. An addi-
tional problem is the fact that in the trajectory method not the moisture itself but an
air parcel containing moisture is traced which also complicates the position-finding
of the region where moisture actually enters the air parcel. Possible replacement of
moisture through cycles of condensation and evaporation is not taken into account.
We nevertheless think that the computed trajectories can give a reasonable estimate
of the source regions of Antarctic moisture, but must be interpreted with care.

1.5 Overview

This thesis addresses the interaction between the Antarctic snow surface and the
overlaying atmosphere. This interaction is studied mainly using data from the Auto-
matic Weather Stations operated by IMAU, with additional data from the European
Centre for Medium Range Weather Forecast Numerical Weather Prediction model
and the Royal Netherlands Meteorological Institute (KNMI) trajectory model. Goals
pursued in this thesis are:

e To study the climatological conditions in DML, to increase our understanding of
the processes that influence the surface mass balance and energy budget and
to aid the search for an EPICA deep drilling site in DML.

e To study the spatial and temporal variability of the surface energy budget to gain
insight in the interaction between the snow surface and the atmosphere.

e To study the conditions in which snowfall generally occurs and the source regions
of the moisture of the deposited snow for several deep drilling locations on the
Antarctic continent.

Most chapters are based on papers (listed at the end of this thesis) and are therefore
reasonably self-contained, and can be read independently of each other. This results,
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however, in some overlap between the different chapters.

Chapter 2 gives a detailed description of the surface albedo of Antarctic snow
and blue ice as measured in January 1998. Surface albedo is an important parameter
in the surface energy budget as will be discussed in Chapters 3 and 5. This chapter
discusses the effect of changing grain size and number of impurities on the albedo
and presents improvements to the methods used for retrieving a surface albedo from
satellite data.

Chapter 3 describes the meteorological conditions on Berkner Island over a six-
year period. The meteorological data from the AWS are compared with nearby sta-
tions and used to determine the surface energy budget. The results, especially the
mass balance measurements will aid in the interpretation of an ice core that BAS staff
will drill close to the AWS in the near future.

Chapter 4 describes the meteorological conditions in DML and uses meteorolog-
ical data from eight AWS. This makes it possible to study not only the temporal
variability but also the spatial variability in the meteorological conditions.

Chapter 5 uses the meteorological data described in Chapter 4 to determine the
surface energy budget in DML. The temporal and spatial variability is described
and results are compared with energy balances presented in the literature for other
Antarctic locations.

Chapter 6 describes moisture sources of precipitation falling at AWS 9, close to
DMLO05, the EPICA drilling location in DML in 1998. The source regions are de-
termined using backward air parcel trajectories and 3-dimensional wind fields and
snowfall from the ECMWEF Numerical Weather Prediction model. The model snow-
fall is compared with AWS data from AWS 8 and 9.

Chapter 7 presents the moisture source regions of precipitation at five drilling
locations in Antarctica (Byrd, DML05 (AWS 9), Dome C, Dome F and Vostok). The
moisture sources are determined using backward air parcel trajectories and 15-year
ECMWF Re-analysis Archive (ERA-15) data to obtain a fifteen-year record. Further-
more, spatial and temporal variations in source regions are discussed.



Chapter 2

Surface albedo measurements
over snow and blue ice in TM
bands 2 and 4 in Dronning
Maud Land, Antarctica

Summary

Ground-based observations of broadband, narrowband (in Landsat thematic map-
per bands 2, 0.52 - 0.60 um, and 4, 0.76 - 0.90 um), and bidirectional reflectance are
used to study the albedo of blue ice and snow. The measured broadband albedos
for blue ice and snow are 0.60 and 0.78, respectively. The narrowband albedos in
bands 2 and 4 for snow are 0.97 and 0.86, respectively, and for blue ice are 0.87 and
0.51, respectively. The measurements are point values and used to verify existing
weighting functions between the broadband and narrowband albedos. Blue ice data
do not comply with the existing functions. Furthermore, a new function for blue
ice is derived. A simple two stream model is used to illustrate the behaviour of the
snow and ice albedo as a function of reflection and absorption. The bidirectional
reflectance measurements are used to derive bidirectional reflectance distribution
functions (BRDFs) for snow and blue ice. The BRDF of blue ice exhibits a maximum
brightening in the forward limb around a zenith angle, close to the solar zenith angle
indicating specular reflectance of blue ice which is not visible for snow and glacier
ice surfaces.

This chapter is based on: Reijmer, C.H., R. Bintanja and W. Greuell, 2001. Surface albedo measure-
ments over snow and blue ice in thematic mapper bands 2 and 4 in Dronning Maud Land, Antarctica, J.
Geophys. Res., 106(D9), 9661-9672.
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2.1 Introduction

In spite of all the effort put into Antarctic meteorological and glaciological research in
recent years, surprisingly little is known about the spatial and temporal distribution
of the surface energy balance. This constitutes a significant gap in our understanding
of the Antarctic climate. The surface energy balance is of great importance for the
near-surface climate and the mass balance through, e.g., the katabatic flow, which is
forced when the net radiation at the surface is negative, and surface sublimation. The
calculated energy balances are usually limited to single stations (Carroll, 1982; King
et al., 1996; Reijmer et al., 1999a), and measuring periods are usually limited (Bintanja,
2000). Satellite remote sensing has the possibility to overcome the problem of scale
and remoteness of the Antarctic continent.

In recent years, satellite remote sensing has become a major contributor to our
knowledge of physical properties of snow and ice, through, e.g., surface classifi-
cation studies (Boresjo-Bronge and Bronge, 1999), radar altimetry measurements
(Herzfeld and Matassa, 1999), brightness (surface) temperature estimations (Orheim
and Lucchitta, 1988), and albedo measurements (Knap and Oerlemans, 1996; Reijmer
et al., 1999b). Surface temperature and albedo are two important parameters neces-
sary to derive the surface energy balance from satellite measurements. In this study
we will focus on the albedo.

The instruments on board satellites measure radiation in distinct wavelength in-
tervals and in one specific direction. In order to calculate the surface albedo from
satellite measurements one needs to correct for the intervening atmosphere and for
the anisotropic reflection of the surface and have a method to convert the satellite-
measured narrowband albedos to a broadband albedo over the solar spectrum. The
latter two problems will be addressed in this chapter for snow and blue ice surfaces
using in situ measurements of narrowband, broadband and bidirectional albedos.
These measurements were carried out during a detailed glaciological and meteoro-
logical experiment in the vicinity of a blue ice area in the Heimefrontfjella, Antarctica
(Figure 2.1) during the austral summer of 1997-98 (Bintanja ef al., 1998; Bintanja and
Reijmer, 2001). The goal of this experiment was to understand more thoroughly the
spatial distribution of the surface mass and energy balance and the associated pro-
cesses in the atmospheric boundary layer over Antarctica.

The conversion from narrow to broadband albedo for snow and glacier ice has
been addressed by several authors (Duguay and LeDrew, 1992; Knap et al., 1999).
Our measurements over blue ice data can possibly generalize the weighting func-
tions developed over other types of ice and snow presented in the literature. Ice and
snow do not reflect radiation isotropically, but when no knowledge is available of
how the surface reflects radiation, the isotropic assumption is made. However, this
assumption can cause considerable deviations of the calculated albedo compared to
the actual albedo as shown by Knap and Reijmer (1998) and Greuell and de Ruyter de
Wildt (1999) for glacier ice and Warren et al. (1998) for snow. In this chapter, mea-
surements of bidirectional reflectance of blue ice and snow are described.

Blue ice areas are areas in Antarctica where the top ~80 m of firn has disappeared
and bare ice is exposed (Bintanja, 1999). These areas appear light blue and have a
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Figure 2.1. Location of the blue ice area in the Heimefrontfjella mountain range in western Dronning
Maud Land, Antarctica. The locations of the two measuring sites are marked as well as the location of
the Swedish research station Svea (Site 1, blue ice; Site 2, snow).

very smooth, often rippled surface. The mass balance is negative because ablation
through sublimation and possibly wind scouring (melt seldom occurs) exceeds ac-
cumulation by precipitation and snowdrift deposition. Glacier ice areas also have a
negative mass balance, but in contrast to blue ice areas, melt prevails. The surface of
glacier ice does not appear blue and is generally not as smooth.

In Section 2.2 the experimental setup and the meteorological conditions during
the experiment are described. Section 2.3 describes the measurements of the narrow-
band and broadband albedo, and an attempt is made to understand the differences
found between snow, blue ice, and glacier ice in terms of absorption and reflection
using a simple two-stream model. Section 2.4 describes the bidirectional albedo mea-
surements, which are further used to calculate the bidirectional reflection distribu-
tion functions (BRDFs).
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2.2 Experimental setup and meteorological conditions

The narrowband, broadband, and bidirectional albedo measurements were carried
out using Kipp & Zonen pyranometers and pyrheliometers. The spectral range of the
four narrowband pyranometers and two narrowband pyrheliometers used in this
study corresponds to bands 2 (0.52 - 0.60 pm, visible radiation) and 4 (0.76 - 0.90 um,
near-infrared radiation) of the Landsat thematic mapper (TM). Channels 2 and 4
were chosen because knowledge of the albedo in these bands allows a fairly accurate
estimate of the spectrally integrated albedo, as shown by Knap et al. (1999). The
narrowband pyranometers measure incoming and reflected irradiance. The mean
cosine error of these instruments is < 2% for solar zenith angles 6, < 60°. The two
broadband pyranometers (CM14) measure the incoming and reflected radiation in
the spectral interval 0.31 - 2.8 um. The cosine error of the CM14is < 1% for 6, < 60°.
These instruments were mounted horizontally on a bar at ~1.25 m above the surface
and data were sampled every 2 minutes. The experimental setup was similar to that
used by Knap et al. (1999). The instruments were placed over a uniform stretch of
blue ice for 23 days (January 1 to 23, 1998) and over a flat snowfield for 13 days
(January 23 to February 4, 1998). Figure 2.1 shows the location of the measurements.

The two narrowband pyrheliometers measure reflected radiance in the spectral
range corresponding to the spectral range of the narrowband pyranometers. The
full opening angle of the pyrheliometers is 5 + 0.2°. To derive the bidirectional re-
flectance of blue ice and snow the reflected radiance was measured near the pyra-
nometer sites on January 21 and 24, respectively. The two instruments were rigidly
connected to each other and were pointed manually toward the surface. The dis-
tance between the measured surface and the instruments was ~1.5 m and was kept
fixed by connecting a thin synthetic wire between a small screw driven into the ice
and the pyrheliometers. This resulted in an area viewed by the pyrheliometers vary-
ing from a circle with a diameter of 0.13 m at nadir to an oval with a minor axis of
0.13 m and a major axis of 0.50 m at a view zenith angle of 75° off nadir. The surface
area covered by the screw and synthetic wire is small (~0.0001 m?) compared to the
area viewed by the pyrheliometers (~0.05 m? at nadir), and the effect of the screw
and wire are therefore assumed to be negligible. The experimental setup was simi-
lar to that used by Knap and Reijmer (1998). The reflected radiance was measured
for five different view zenith angles 6, and six different relative azimuth angles ¢
(Figure 2.2). The measurements closest to nadir were performed at 15° off nadir and
the measurements closest to the solar azimuth were performed at ¢ = 30° because
of practical reasons. The sample rate of the pyrheliometers was 1 s and each angle
was measured for ~30 s. Because this method was time-consuming, the assumption
was made that the reflectance pattern is symmetric around the solar principal plane
and only one half of the reflectance pattern was measured. When the surface does
not exhibit structures with distinct orientations owing to, e.g., sastrugi or ripples
this assumption is reasonable, as shown by the results of Greuell and de Ruyter de
Wildt (1999) for glacier ice. One measurement series took ~1 hour. The uncertainty
in the view zenith, azimuth, and slope angles is estimated to be < 5°, 10°, and 1°,
respectively.
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Figure 2.2. Sun surface radiometer geometry. 0 is the solar zenith angle, 8., is the view zenith angle,
and ¢ is the relative azimuth angle.

The weather during the five-week measuring period was, in general, calm and
sunny, interrupted by a few windy and overcast periods with one heavy storm
around January 9. Occasionally, during overcast periods small amounts of precipi-
tation occurred that were usually blown away within a few hours. The mean tem-
perature near site 1 was ~-8 °C. During two days in the beginning of January (4 and
5 January) the air temperature rose above the melting point for a few hours causing
melt on the surface of the blue ice area. The bidirectional reflectance measurements
were performed under clear-sky conditions. The meteorological conditions during
the measuring period are described more extensively by Bintanja (2000, 2001).

2.3 Narrow and broadband albedo of blue ice and snow

In this section the narrow and broadband albedo measurements over blue ice and
snow will be described. A simple two-stream model is used to explain differences in
optical properties of snow, blue ice, and glacier ice. Finally, the measurements will
be used to infer if the weighting functions of Duguay and LeDrew (1992), Gratton
et al. (1993), and Knap et al. (1999) for snow and glacier ice are more generally valid.

2.3.1 Measurements

The narrow and broadband albedos were measured over blue ice and snow. To en-
sure that measuring conditions are similar to the conditions in which satellite images
are acquired, periods were selected during which little to no cloud cover was present
and 6, was < 60°. The length of these periods on individual days ranges from 0.5
to 7 hours. This resulted in ten periods over blue ice and eight periods over snow.
Figure 2.3 presents narrowband albedos as and a4 (TM band 2 and 4), and broad-
band albedos « calculated on the basis of irradiances averaged over these periods as
a function of time. It shows that the variability in the narrow and broadband albedo
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Figure 2.3. Measurements of s (thematic mapper (TM) 2), a4 (TM 4), and « (broadband) over a
uniform stretch of (a) blue ice and (b) snow. Each data point refers to a period of several hours with
little to no cloud cover and a solar zenith angle < 60°.

of blue ice and snow is small. The observed variability is explained by small changes
in surface texture (e.g., remains of snowfall events and meltwater) and small differ-
ences in solar zenith angle from one period to another.

The averaged « for blue ice is 0.60 and falls within the range (0.56 - 0.69) found
by King and Turner (1997) and Bintanja (1999). The albedo of this particular blue ice
area ranges from 0.54 to 0.61, measured with a hand-held albedometer. Variations in
blue ice albedo are caused by differences in amount of air bubbles in the ice (Warren
et al., 1993). The more air bubbles there are, the more backscattering and the higher
the albedo. The mean a for snow is 0.78. Bintanja (2000) found an albedo of 0.79
on a nearby snow field during the same period, and Bintanja and van den Broeke
(1995) found a slightly higher albedo (0.81) in their experiment in the same area in
the austral summer of 1992-93. These values fall within the usual range of snow
albedos.

For snow, a» and a4 are 0.97 and 0.86, respectively, and are higher than a. These
values are comparable to the snow measurements of Winther (1994), Grenfell et al.
(1994), and Knap et al. (1999). The lower broadband albedo compared to the narrow-
band albedo is caused by the steep decline of the snow albedo in the near-infrared
region (between 1.0 and 1.5 um) (Figure 2.4). The contrast between the shorter wave-
lengths (among which are a» and «4) and the longer wavelengths is such that for



2.3 Narrow and broadband albedo of blue ice and snow 21

T T T T T T T
‘ Measurements
—=e—— 0 (snow)
—a—— o (blue ice)
—o—— « (clean glacier ice)
—0o— o (dirty glacier ice)

Albedo

---- o (clean glacier ice)
---- o (dirty glacier ice)

oom

(98]

15 2 25
Wavelength (WLm)

Figure 2.4. Measured spectral albedo curves of snow (Grenfell et al., 1994), blue ice (Warren et al.,
1993) and glacier ice (Zeng et al., 1984) (solid lines) and modelled spectral albedo curves of snow, blue
ice, and glacier ice, using a simple two-stream model (dotted lines).

snow, a < ay < as. The mean as and a4 for blue ice are 0.87 and 0.51, respectively,
a3 being higher and a4 being lower than a. For blue ice, a; and a4 are clearly lower
than a, and a4 for snow. These results are in agreement with spectral albedo mea-
surements of Warren et al. (1993). As with snow, the albedo in the visible region is
high, but toward the near-infrared the steep decline to lower values occurs at smaller
wavelengths compared to snow. As a result, «; is representative of the shorter wave-
lengths and a4 is representative of the longer wavelengths and s < @ < a3 for blue
ice.

The spectral albedo of blue ice also differs significantly from the spectral albedo
of (melting) glacier ice. Knap et al. (1999) present measurements of as, a4, and «
of glacier ice with different amounts of fine-grained material, debris, and meltwater
on the surface measured over the Morteratsch glacier, Switzerland. In general, the
broad and narrowband albedos of glacier ice are lower than those of blue ice and
snow. The debris and fine-grained material increase the absorption, resulting in a
lowering of the spectral albedo. This effect is smallest in the near-infrared part of
the spectrum because the absorption of solar radiation in pure ice increases with
wavelength (Grenfell and Perovich, 1981). Warren and Wiscombe (1980) and Warren
(1982) describe this for snow, but the effect is most likely similar for ice. Thus a,
of glacier ice decreases compared to clean ice and decreases more than a4, resulting
in @ < ay < az, which is similar to snow. According to our measurements and
those presented by Knap et al. (1999), a4/« of snow and glacier ice varies between
1 and 1.2, while for blue ice, a4/« varies between 0.8 and 0.9. Blue ice and glacier
ice have comparable ratios of s/, mostly varying between 1.35 and 1.5. For snow,
@y /a mostly varies between 1.1 and 1.35. These differences can be explained by the
impurities in the snow and glacier ice and grain size differences as will be discussed
in Section 2.3.2.
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Figure 2.5. Diagram of the two-stream approximation of radiative transfer in a homogeneous, hori-
zontally layered medium with material quantities k and r.

2.3.2 A simple two-stream model

The two-stream radiative model is a conceptually very simple model to describe ra-
diative transfer in snow and ice (see e.g., Liljequist (1956) and Schlatter (1972)). It
treats radiation as diffuse and does not explicitly compute scattering by individual
particles or consider different grain sizes. This makes the model very useful in fit-
ting albedo measurements. However, to model the spectral albedo explicitly as a
function of grain sizes, water content, and/or solar elevation, a more sophisticated
model is necessary, e.g., the models of Wiscombe and Warren (1980) and Warren and
Wiscombe (1980). Full modelling of the surface albedo is beyond the scope of this
study. Our goal is merely to illustrate the qualitative behaviour of the snow and ice
albedo with changing absorption and reflection coefficient. The simple two-stream
model is very suitable for this purpose.

The two-stream radiative model considers radiation to be built up of two fluxes
normal to an infinitesimal thin layer of thickness dz (Figure 2.5). The upward and
downward radiation streams F)1 and F)| are a function of wavelength A and can
be expressed in terms of the absorptivity k, and reflectivity r of the medium (both
have unit m=1):

dFhl = —kxF\ldz—rFldz+r \Tdz, (2.1)

dE\T = kxFE\tdz+r Fy\xTdz—r F\l dz. (2.2)

When assuming a homogeneous medium in which &, and r are constant and choos-

ing the boundary conditions F\| (zsury) = Fx surfd and Fy] (o0) = 0, the solutions
of these equations are:

F)wl/ (Z) = F)\7surf~lf e HrF ) (23)

Fxt(z) = ax Fxsurfde ™7, (2.4)

in which p, is the extinction coefficient, «y is the spectral surface albedo and Fy sy,

is the downward radiative flux at the surface. The extinction coefficient and the
surface albedo are a function of A and can be expressed in terms of £ and 7:

Hr = \/k)\2+27“k/')\, (2.5)

kx+r—
oy = %’“ (2.6)
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Table 2.1. Results of the least square method fitting of model
results to measurements.

Surface C (m™1) r(m~1) Ores
Snow & 0.8 1430. 0.399
Blue ice P 0.0 9.5 0.074
Clean glacier ice ¢ 0.4 4.5 0.059
Dirty glacier ice ¢ 18.0 10.5 0.051

Notes: C, constant added to the absorption coefficient k inde-
pendent of wavelength; r, reflection coefficient; ¢, root mean
square difference between the model fit and the measurements.

References: a, Grenfell et al. (1994); b, Warren et al. (1993); ¢, Zeng
et al. (1984).

The absorption coefficient k of snow or ice without impurities depends strongly
on wavelength and a little on the structure of the material through the density pyy,.
Impurities in the form of debris and fine-grained material are assumed to be gray
absorbers and can be expressed by a constant C' (> 0 m ™), independent of A, added
to kx: kx = (pm/pi) ki + C, in which p; is the density of ice and k,; is the absorption
coefficient of ice. The reflection coefficient - does not depend on wavelength but is
strongly influenced by grain size and deviations from a pure crystal structure (e.g.,
boundaries between grains and boundaries between ice and air). It can be loosely
related to an effective grain size, which means that r is large for fresh snow, decreases
for older snow, and is even smaller for ice. To model uy and o, the measurements of
ky of Perovich and Govoni (1991), Grenfell and Perovich (1981), and Kou et al. (1993)
are used. They measured k) of bubble-free ice between wavelengths 0.25 to 0.4 um,
0.4to 1.4 ym and 1.4 to 2.5 um, respectively.

Using r and C as tuning parameters, it is possible to make a reasonable approxi-
mation of the spectral albedo of snow, blue ice, and glacier ice. Figure 2.4 shows mea-
sured albedo spectra for snow (Grenfell et al., 1994), blue ice (Warren et al., 1993), and
glacier ice (Zeng et al., 1984). The best fit of the model to the measurements is evalu-
ated using the least squares method and presented in Figure 2.4 and Table 2.1. Both
show that the fits are fairly good. Under the assumption that glacier ice and blue
ice have approximately the same size distribution of bubbles (rgiacicr ice = Tbiue ice)s
differences in spectral albedo are caused by morainic material. The influence of
morainic material would be an increase in absorption (C > 0 m~1). This effect on the
absorption is smallest for the longer wavelengths where ice itself becomes a great
absorber (Warren and Wiscombe, 1980; Warren, 1982). For glacier ice, r is indeed of
the same order of magnitude as ryye ice, and C for dirty glacier ice is much larger
than C for clean glacier ice and snow. Furthermore, rue ice and rgiqcier ice are much
smaller than r;,,,, owing to the larger grain size of ice compared to snow. This effect
is largest in the near-infrared wavelengths.

Figure 2.6 presents the best fit of the model to the measurements of ., and a4 as
a function of r and C for blue ice, snow, and glacier ice. For glacier ice and snow
the data from Knap et al. (1999) are used. It shows that Antarctic snow and blue
ice are very clean surfaces (C' = 0 m™*), and the differences between these surfaces
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Figure 2.6. Best fit of the model to the measurements of aa and au for snow and blue ice, and the snow
and glacier ice measurements of Knap et al. (1999) measured over the Morteratsch glacier, Switzerland,
in terms of the reflection coefficient r (on a logaritmic scale) and constant added to the absorption C
(dots). The lines are the ratio of a4 to o in the model as a function of r and C.

are explained by different density and grain sizes. Snow on glacier ice is not as
clean as Antarctic snow, although C is still small (C < 2 m~!). This means that the
differences in the spectral curves and thus the differences in «» and especially a4
of snow and blue ice are mainly caused by density and grain size differences. For
blue ice 7 is ~10 m~!, and for snow, r is larger than 50 m~!. For glacier ice most
points lie between 7 =5 - 30 m~! and C =1 - 8 m~!. A substantial part of the
differences found between blue ice and glacier ice is explained by small amounts of
morainic material (C > 0 m~!), which affects mainly « at small \, which explains the
difference found between «, of glacier ice and «» of blue ice. The figure also shows
the ratio a4/« as a function of r and C to express the different nature of the spectral
albedo curves of snow, blue ice, and glacier ice. In the measurements the ratio oy /«x
is larger than 1 for glacier ice and snow and smaller than 1 for blue ice. The model
is able to reproduce this difference, although the ratios in the model are larger than
in the measurements owing to an underestimation of the broadband albedo in this
model. The underestimation results from an underestimation of the albedo in the
infrared wavelengths when a best fit is made through the two TM bands, which lie
in the visible and near-infrared part of the spectrum.

2.3.3 Narrow to broadband conversion

Multispectral scanners on board satellites measure radiation in distinct wavelength
intervals. To obtain a broadband albedo, a relationship between the measured nar-
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Table 2.2. Weighting functions for ice and snow presented in the literature.

Function Surface
a =0.493as + 0.507a4 dirty ice ®
o = 0.493as + (0.203 + 0.150 x 0.3) a4 + 0.154ac7 clean ice and snow 2
a=(0.493 x 1.12 + 0.203 + 0.150 x 0.3) a4 + 0.154ac7 snow 2
a=0.526a2 + (0.232 + 0.130 x 0.63) ag + 0.112a7 snow P

Notes: The indices refer to Landsat TM bands 2, 4, and 7 (2.08 um - 2.35 um).
References: a, Gratton et al. (1993); b, Duguay and LeDrew (1992)

rowband albedos and the broadband albedo is needed. In recent years several au-
thors have derived such relationships, called weighting functions, for several types
of snow and glacier ice surfaces (Duguay and LeDrew, 1992; Gratton et al., 1993;
Knap et al., 1999).

Duguay and LeDrew (1992) and Gratton et al. (1993) derived weighting functions
for snow and glacier ice based on discretization of generalized spectral albedo curves
(Table 2.2). These functions calculate the broadband albedo as a linear combination
of narrowband albedos. The coefficients in these functions are the ratio of the global
irradiance in a specific wavelength band to the global broadband irradiance. When
using TM bands 2 and 4, the coefficients also express how representative the TM
albedos are for the broader spectral bands they represent. This limits the usefulness
of a derived function, resulting in different weighting functions for different types of
snow and glacier ice surfaces.

None of the weighting functions derived by Gratton et al. (1993) or Duguay and
LeDrew (1992) gives satisfactory results for blue ice. The function for dirty glacier
ice derived by Gratton ef al. (1993) severely overestimates the albedo of blue ice. The
functions of Gratton et al. (1993) derived for clean ice and snow and snow underes-
timate the albedo of blue ice as well as the albedo of snow. This could be due to the
fact that these functions also use TM band 7 (a7). However, for small grain sizes,
when ay is largest, the term relating to ay is ~0.03 (Knap et al., 1999) while the differ-
ences found between measured and calculated broadband albedo using the weight-
ing functions are 0.05 to 0.2. The snow function of Duguay and LeDrew (1992) gives
reasonable results for snow and slightly overestimates « of blue ice, but again, we
neglect the term relating to a.

Since it is not easy to distinguish objectively between different types of glacier
ice and snow surfaces in satellite imagery, Knap et al. (1999) derived a weighting
function valid for snow as well as glacier ice based on measurements acquired on
the Morteratsch glacier, Switzerland. On the basis of a multiple linear regression the
following fit was derived:

a=0.726as —0.322a.2 —0.051 ay +0.581 a2 . 2.7)

Figure 2.7 presents a of snow and blue ice calculated using this equation and the
measurements of ay and a4 versus the measured a. The measurements of Knap
et al. (1999) are included in the figure. Figure 2.7 shows that the weighting function
performs well for snow. The broadband albedo is slightly overestimated, but the
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Figure 2.7. Weighted broadband albedo as a function of the measured broadband albedo for an Antarctic
snow and blue ice surface (squares) and the measurements of Knap et al. (1999) over snow and glacier
ice (circles) (Morteratsch glacier, Switzerland). The weighted albedo is calculated using equation (2.7)
and the narrowband albedo measurements. The enlargement shows the details of the blue ice albedos.

residual standard deviation o, is small, o,., = 0.007, ~1% of the snow albedo.
The broadband albedo of blue ice is severely underestimated, ~15% of the blue ice
albedo, an order of magnitude larger than for snow. Thus equation (2.7) is not a good
approximation of « of blue ice.

It is possible to derive a weighting function valid for snow and blue ice simul-
taneously from the measurements. However, this function would, in effect, be a
straight line between two clusters of points (Figure 2.7). Since it is feasible to distin-
guish objectively between Antarctic snow and blue ice (Boresjo-Bronge and Bronge,
1999), it is not necessary to determine such a function, but it is useful to derive a
weighting function valid for blue ice alone. This function can be used together with
the function of Knap et al. (1999) to derive broadband albedos over Antarctica where
melting ice, all types of snow, and blue ice occur. However, the amount of data points
is very limited (10) and the range of measured «, a3, and a4 is small, which limits
the usefulness of the function. On the other hand, the range of blue ice , in general,
is limited (0.56 - 0.69) (King and Turner, 1997), and no functions valid for blue ice are
available. Therefore, on the basis of multiple linear regression, the following best fit
was derived:

a=0.509as +0.309 ay . (2.8)
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The linear correlation coefficient 72 for this regression is high (r* = 0.999), and o is
small (0.004). Adding quadratic terms does not improve the fit significantly. Assum-
ing that blue ice areas, in general, have approximately the same spectral signatures,
this relationship should be valid for all blue ice areas. This is already indicated by
the fact that our measurements are in reasonable agreement with the blue ice mea-
surements of Warren et al. (1993) near Mount Howe, Antarctica.

2.4 Bidirectional reflectance of blue ice and snow

Satellites measure radiation reflected by the surface in one specific direction. How-
ever, ice and snow surfaces do not reflect radiation isotropically, i.e. in all directions
the same. To calculate the albedo from satellite measurements without any knowl-
edge of how the surface reflects radiation, the isotropic assumption is usually made.
This assumption can cause considerable deviations of the calculated albedo com-
pared to the actual albedo (Greuell and de Ruyter de Wildt, 1999). Bidirectional re-
flection distribution functions (BRDFs) are necessary to correct for the anisotropic re-
flection of the surface. Knap and Reijmer (1998) and Greuell and de Ruyter de Wildt
(1999) derived these functions for glacier ice, and Warren et al. (1998) derived them
for Antarctic snow with sastrugi. In this section, bidirectional reflectance measure-
ments for snow and blue ice are described and used to develop parameterizations of
BRDFs for Antarctic snow and blue ice.

2.4.1 Definitions and basic equations

The Sun surface radiometer geometry is defined by four angles: the solar zenith
s and azimuth angle ¢;, and the view zenith 6, and azimuth angle ¢, relative to
the horizontal plane (Figure 2.2). When the surface does not exhibit structures with
a distinct orientation due to, e.g., sastrugi or ripples, only the relative azimuth ¢
(¢ = ¢s - ¢») and the solar and view zenith angles are relevant. In this study, the
relative azimuth angle ¢ is used and subscripts v are omitted.

The surface albedo « is defined as the ratio of the reflected irradiance F,. and inci-
dent irradiance F; (&« = F)./F;). The bidirectional reflectance p(6, 8, ¢) (reflectance
in a specific direction) is defined as:

1(65,9,
p(08707¢) = % )

in which (65,0, ¢) is the reflected radiance (intensity of radiation reflected in a spe-
cific direction). For a Lambertian (isotropically reflecting) surface, I is independent
of the view angles 6 and ¢, so @ = wp. For a fixed solar zenith angle a complete
distribution of p(0€[0, 7/2], $€[0, 27]) is called a bidirectional reflectance distribu-
tion function. Deviations from isotropic reflection are expressed in the anisotropic
reflection factor R(6,, 6, ¢), which is defined as:

p(0s,0, )
a(fy) '

(2.9)

R(6,,0,¢) = (2.10)
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Table 2.3. Details of the bidirectional reflectance measurements.

Resolution
Surface « s o Slope 05 n A0 A¢p

Blue ice 0.60 0.87 0.51 1.0° 55° - 56° 30 15° 30°
Snow 0.78 0.97 0.86 3.2° 56° - 57° 30 15° 30°

Notes: Cloud amount was 1/8 for both measurement series but the clouds did
not obscure the sun. «, broadband albedo; a2, narrowband albedo in TM band 2;
a4, narrowband albedo in TM band 4; Slope, slope of the surface; 05, solar zenith
angle; n, the number of measurements per site; A, view resolution in zenith
direction; A¢, view resolution in azimuth direction.

For a fixed solar zenith angle, R has the property that its integral over the upper half
of the hemisphere weighted by its contribution to the upward flux equals unity:

27 /2
! / R(05,0,0)sinf cos@dfdp =1. (2.11)
0 0

Unless stated otherwise, all these variables refer to TM bands 2 or 4.

2.4.2 Measurements

The bidirectional reflection and band albedo measurements were performed close to
one another, within a range of ~5 m. The blue ice and snow surfaces were uniform
flat, and the snow surface consisted of old wind-hardened snow. The homogeneity
of both surfaces makes it possible to use a2 and a4 from the band measurements in-
stead of calculating them from the bidirectional reflectance measurements. Table 2.3
presents more details of the bidirectional reflectance measurements. Since the slope
of the measured surfaces was less than the uncertainty in the measurements, the
horizontal polar coordinates were assumed to be equal to the surface-parallel polar
coordinates.

To obtain individual BRDFs, measured reflected radiances I were converted into
bidirectional reflectance p by means of equation (2.9) and using the simultaneous
band measurements of F; close to the BRDF measuring site. The number of radiance
measurements (30) is not very large and makes it difficult to construct a complete
BRDF using standard interpolation and extrapolation techniques. Therefore, follow-
ing the method of Lindsay and Rothrock (1994) and Greuell and de Ruyter de Wildt
(1999), a parameterization of the bidirectional reflectance of the following form was
used:

p=ag+agi+axg:+azgs, (2.12)

where g1, g2, and g3 are functions of the view angles 6§ and ¢. The solar zenith
angle was taken constant and is part of the coefficients a;. Functions of the form
9i = hjprqi, with h; and p;, equal to 1,0,sin6, or cosf, and ¢; = 1, ¢» = cos ¢, and
g3 = cos? ¢ were tested. These forms of g; imply symmetry around the solar princi-
pal plane and are similar to the functions tested by Greuell and de Ruyter de Wildt
(1999). Owing to the specular properties of blue ice, g; was replaced by an exponen-
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Table 2.4. Functions g; (equation (2.12)) of the best fit and several fits from the literature.

Ores
g1 92 g3 ™2 ™ 4
Blue ice
Best fit cos 0sin 0 0sin 6 cos ¢ 0162 g—b29? 0.0242  0.0149
Fita cos @ 62 cos ¢ 02 cos? ¢ 0.0373  0.0279
Fitb (1 —cosd) (1 —cos@)(—cosp) (1 —cos)(2cos2¢p—1) 0.0371  0.0276
Fitc sin? 0 sin? ¢ sin @ cos ¢ sin? 0 cos? ¢ 0.0381 0.0294
Snow
Best fit 02 02 cos ¢ 02 cos? ¢ 0.0356 0.0314
Fit a cos @ 62 cos ¢ 02 cos? ¢ 0.0359  0.0315
Fitb (1 —cosb) (1 — cosO)(— cos ¢) (1 —cos@)(2cos?¢p—1) 0.0359  0.0316
Fitc sin? @ sin? ¢ sin @ cos ¢ sin? 0 cos? ¢ 0.0445 0.0436

Notes: The performance of the fits is expressed in residual standard deviation ¢;¢s for TM bands
2 and 4 for snow and blue ice.
References: Fit a, Greuell and de Ruyter de Wildt (1999); Fit b, Warren et al. (1998); Fit ¢, Lindsay
and Rothrock (1994); Knap and Reijmer (1998)

tial function of the form €% e=%2%* (Meister et al., 1998), where ¢ is the relative
angle to the specular direction and b, and b, are constants determining the width
and intensity of the peak.

The best fit to the data was found by minimizing the residual standard deviation
(0res) in p on the basis of multiple linear regression. Table 2.4 presents the perfor-
mance of the best fit and several fits of other functions from the literature. The table
shows that the best fit for blue ice is significantly better than the functions from the
literature, which were used for glacier ice (Greuell and de Ruyter de Wildt, 1999;
Knap and Reijmer, 1998) and snow (Warren et al., 1998). The explained variance of
the best fit is 79.9 % and 92.1 % for TM bands 2 and 4, respectively. The other fits per-
form 20 % to 30 % less. Owing to the exponential function, the best fit is the only one
able to reproduce the maximum in p in the forward limb around # = 60°. Not using
the exponential function but a function with g3 = cos? ¢ results in 56.4 % and 74.0 %
explained variance in TM bands 2 and 4, respectively, which is similar to the other
functions. For snow the best fit and the fits presented by Greuell and de Ruyter de
Wildt (1999) and Warren et al. (1998) do not differ significantly in performance, and
the explained variance is ~81% and 90 % for TM bands 2 and 4, respectively. The
functions of Knap and Reijmer (1998) perform less well, with 10% less explained
variance in both channels.

Once the functions g; are determined, the coefficients a; are calculated for each
wavelength band and surface type (Table 2.5). The resulting four parameterizations
were verified against the normalization condition (equation (2.11)). Unfortunately,
the parameterized BRDFs did not satisfy this condition. The integral values varied
between 1.15 and 1.27. The anisotropic reflection factors of each series were system-
atically adjusted so that the integral values equal unity. Knap and Reijmer (1998)
experienced the same problem. They argued that the deviation from unity is caused
by the different size of the areas viewed by the pyranometer and pyrheliometer in
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Table 2.5. Coefficients a; multiplied by w for the best
fit as presented in Table 2.4.

™ ag a1 a2 a3
Blue ice
2 0.924 0.186 -0.050 0.00002
4 0.948 0.121 -0.100 0.00003
Snow
2 0.996 -0.032 -0.082 0.075
4 0.991 -0.035 -0.113 0.095

combination with small-scale variations in reflectance. However, in this case the
areas are very homogeneous, with little small-scale variation. The deviations are
most probably explained by calibration problems.

Figure 2.8 presents the measured and parameterized BRDF for blue ice and snow
in both wavelength bands as polar diagrams. The figure shows that although the
number of measuring points is restricted, the parameterization is able to reproduce
the main features of the BRDFs. It shows a strong maximum in the forward limb
around 6 = 60° for blue ice (Figures 2.8a and 2.8b). This maximum is also found
in the sunglint pattern from ocean water (Krotkov and Vasilkov, 2000). The mini-
mum around the nadir and the maximum in the forward limb are not seen in the
measurements and are a result of the parameterization and the lack of data around
nadir and for § > 75°. Limb brightening in all directions as seen for glacier ice (Knap
and Reijmer, 1998; Greuell and de Ruyter de Wildt, 1999) is not found for blue ice
or snow. The bidirectional reflectance of blue ice and snow shows limb darkening
in the backward limb as seen for ocean waters (Morel et al., 1995). The anisotropic
reflectance factor R for blue ice ranges from 0.84 to 1.36 in TM band 2 and from 0.78
to 1.63 in TM band 4. For snow, R ranges from 0.85 to 1.3 in TM band 2 and from
0.82 to 1.41 in TM band 4.

The BRDF of snow (Figures 2.8c and 2.8d) compares reasonably well with other
snow BRDFs (Suttles et al., 1988; Warren et al., 1998), although it does not exhibit
the minimum around the zenith. This can be explained by the spatial resolution of
the measurements. The pattern shows a brightening from the backward to the for-
ward limb also seen by Suttles et al. (1988) and Warren et al. (1998). Different solar
zenith angles, different wavelength bands, and different snow conditions on the var-
ious measurement sites can explain differences with respect to other measurements.
A smaller solar zenith angle tends to decrease the anisotropy (Warren et al., 1998).
An increasing wavelength increases the anisotropic reflection as seen by Knap and
Reijmer (1998) and Greuell and de Ruyter de Wildt (1999) and also visible in Fig-
ure 2.8 for both blue ice and snow. This is due to the increase of the absorption co-
efficient of pure ice between 0.47 and 1.03 um (Grenfell and Perovich, 1981; Greuell
and de Ruyter de Wildt, 1999). When snow gets older, the grain size increases, which
increases the anisotropic reflection (Warren et al., 1998).

Figure 2.9 illustrates the quality of the parameterizations. The residual standard
deviation in the computed albedo (parameterization minus measurement) is plot-
ted as a function of the view angles in a polar diagram. For blue ice, 0,5 is small
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Figure 2.8. Measured bidirectional reflectance mp for (a) blue ice and (c) snow and parameterized
bidirectional reflectance wp for (b) blue ice and (d) snow using the best fit (Table 2.4). The radial
coordinate represents the view zenith angle 0, the azimuthal coordinate represents the relative Sun
radiometer azimuth angle ¢. The Sun is in ¢ = 0°. The corresponding measured band albedos are
presented in Table 2.3. The solar zenith angle varied between 55° and 56° for blue ice and 56° and 57°
for snow.

and varies between -0.04 and 0.05. The maximum is slightly overestimated as well
as the reflectance in the limbs. For snow, o, is larger and varies between -0.15
and 0.08. The parameterization overestimates the reflectance in the forward limb
between ¢ = 100° and 160° and underestimates the reflectance around ¢ = 180°.
Greuell and de Ruyter de Wildt (1999) developed one parameterization for a
melting glacier surface for different solar zenith angles and albedos. With two BRDFs
measured over two different surfaces at approximately the same solar zenith angle,
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Figure 2.9. Residual standard deviation in the parameterized bidirectional reflectance wp as a function
of the view angles for (a) blue ice and (b) snow.

it is impossible to develop such a parameterization for our data set, as the number
of measurements is too small. The above presented results also show that it is not
possible to use the generalized parameterization for glacier ice presented by Greuell
and de Ruyter de Wildt (1999). Our best fits have different functions and would need
different coefficients owing to the different nature of the reflective patterns of snow
and blue ice compared to glacier ice.

2.5 Concluding remarks

This study presents detailed albedo measurements over a snow and blue ice field
in Antarctica. The mean measured broadband albedos a of snow and blue ice are
0.78 and 0.60, respectively. Narrowband albedos (a» and «4) were measured in TM
bands 2 and 4, resulting in mean «, and a4 of 0.97 and 0.86, respectively, for snow
and 0.87 and 0.51, respectively, for blue ice.

A two-stream radiative transfer model is successfully used to simulate the spec-
tral albedos of different kinds of ice and snow surfaces by adjusting only two param-
eters, the reflection coefficient r and the absorption coefficient C, representing the
concentration of morainic material. The values of r and C found this way for blue
ice, snow, and clean and dirty glacier ice reflect some properties of the media. Blue
ice and Antarctic snow contain negligible amounts of morainic material (C' =0m™!).
The values of r show that the number of grain boundaries, and of other deviations
from a pure crystal structure, is orders of magnitude larger in snow as compared to
blue ice and glacier ice.

The measurements were used to test existing weighting functions between the
broad and narrowband albedos. The weighting function of Knap et al. (1999) works
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for snow and glacier ice but not for blue ice. Other functions from the literature
(Duguay and LeDrew, 1992; Gratton et al., 1993) are also not able to calculate « of
blue ice correctly. A new weighting function was derived to calculate the broadband
albedo for blue ice. The range of measurements this function is based on is, however,
limited, restricting the usefulness of the function. On the other hand, the total range
of blue ice a occurring in nature is relatively small. Together with the function of
Knap ef al. (1999), this allows one to calculate the broadband albedo of the Antarctic
continent where melting ice as well as all types of snow and blue ice occur.

The bidirectional reflectance measurements show that the BRDF of blue ice dif-
fers significantly from the BRDF of snow and glacier ice and does resemble the BRDF
of ocean water owing to the specular properties of blue ice. An exponential function
is necessary in the parameterization to represent the maximum in the forward limb.
Satellite measurements from near-specular directions are therefore not representa-
tive. The measuring site for the blue ice BRDF was reasonable flat. However, in
general, blue ice areas are not flat but rippled with a preferred orientation (Bintanja,
1999). In such cases the solar azimuth ¢, and the view azimuth ¢, must be taken into
account and the BRDF of blue ice will change. Although for snow the parameteri-
zation functions found by Greuell and de Ruyter de Wildt (1999) for glacier perform
almost as good as our best fit, it is not possible to use their generalized equation,
which is a function of solar zenith angle and albedo. Their BRDF pattern is fixed
by their choice of coefficients, and although our functions are the same, our pattern
differs from the glacier ice pattern. To derive generalized equations valid for snow
and blue ice, more measurements of BRDFs performed at different solar zenith an-
gles and albedos are necessary. The BRDFs presented here are only useful under
conditions similar to ours.






Chapter 3

The annual cycle of
meteorological variables and
surface energy balance on
Berkner Island, Antarctica

Summary

In February 1995 an Automatic Weather Station (AWS) was placed on Thyssen Hohe,
the south dome of Berkner Island, Antarctica. A fairly complete six-year meteoro-
logical data set of hourly average values was obtained, which is described in this
chapter. The mean annual temperature is ~-24 °C. Summer temperatures remain
below 0°C all the time, so that no melt takes place. The annual mass balance is
~+166 mm water equivalent. Because the AWS is located on a dome, katabatic winds
are not active, the wind direction is relatively variable (directional constancy 0.42)
and the wind speed relatively low (4.3 ms™!). Annual average variables are com-
pared with data of Filchner station, Recovery AWS and Halley station. The meteo-
rological data are used to determine the surface energy fluxes for a five-year period
by using a surface energy balance model. The annual average gain of energy from
the sensible heat flux (+11.2 Wm™?2) is balanced largely by a negative net radiative
flux (-9.8 Wm™?2) and a small negative latent heat flux (-1.7 Wm~2). The annual
subsurface flux is small.

I This chapter is based on: Reijmer, C.H., W. Greuell and J. Oerlemans, 1999. The annual cycle of
meteorological variables and the surface energy balance on Berkner Island, Antarctica. Ann. Glaciol.,
29, 49-54. And: Reijmer, C. H., 2000. The climate of Berkner Island as observed using an Automatic
Weather Station. Filchner Ronne Ice Shelf Programme, 13, Alfred Wegener Inst. for Polar and Marine Res.,
Bremerhaven, Germany. 66-71.
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3.1 Introduction

In the last two decades about 100 Automatic Weather Stations (AWS) have been
deployed in Antarctica (e.g., United States Antarctica Research Program (USARP),
Stearns and Weidner (1993)). Considering the vast size of the continent the amount
of observations is still limited. To increase the number of surface meteorological data
measurements, the use of AWS provides a relative cheap and easy way. An AWS is
designed to work for long periods without being serviced and can therefore operate
in remote areas and in harsh weather conditions. AWS data have been used to study
meteorological processes close to the surface and climatological conditions in several
regions of Antarctica (e.g., Allison et al. (1993); Bintanja et al. (1997)).

This chapter describes the annual and diurnal cycles of meteorological variables
and the surface energy fluxes over Berkner Island, Filchner-Ronne ice shelf, Antarc-
tica (Figure 3.1). Several studies have been carried out on the ice cap of Berkner
Island within the framework of the Filchner Ronne Ice Shelf Programme (FRISP),
a research programme of the Alfred-Wegener Institute for Polar and Marine Re-
search (AWI), Bremerhaven. These range from short-pulse echo sounding to ice core
drillings and meteorological measurements (Wagenbach et al., 1994; Oerter, 1995;
Gerland et al., 1999). In February 1995, the Institute for Marine and Atmospheric re-
search Utrecht (IMAU) deployed an AWS on the South Dome of the island, with the
aim of providing insight into the meteorological conditions on the island, which can
facilitate the interpretation of the ice-core analysis.

The station has provided a fairly complete six-year meteorological data set, which
is described here and used to determine the surface energy fluxes. This study aims
to show that it is feasible to derive a fairly accurate estimate of the surface energy
balance from relatively simple meteorological measurements made by an AWS. The
advantage of this approach is that estimates of the surface energy budgets can be
made over longer periods at remote places.

Section 3.2 briefly describes the location and some technical details of the weather
station. Section 3.3 describes the meteorological conditions on Berkner Island on a di-
urnal to annual time scale, and concludes with two case studies of snow fall events.
Section 3.4 presents the energy balance model that is used to calculate the surface
fluxes not measured directly by the weather station and describes the resulting sur-
face energy budget. The chapter in concluded with a short summary of the results
and some concluding remarks.

3.2 Location and experimental set-up

Berkner Island is a large island completely covered by ice and surrounded by the
Filchner-Ronne ice shelf, south of the Weddell Sea, Antarctica (Figure 3.1). The AWS
measurements were carried out on Thyssen Hohe, the South Dome of Berkner Island
(79.57°S, 45.78 °W; 886 ma.s.l.). Observations started on February 12, 1995. The
station samples every 6 minutes, calculates hourly average data, transmits these data
using an Argos transmitter and also stores the data locally. The AWS is designed to
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Figure 3.1. Location of the weather stations in the Filchner-Ronne ice shelf area.

work for approximately three years without being serviced. The results reported in
this chapter are based on an almost six-year meteorological data set (12-2-1995 to
31-12-2000).

The station consists of a vertical mast placed on a four-legged frame. Near the
top of the mast, a horizontal bar is attached on which the air temperature, wind
speed, wind direction, instrument height and shortwave incoming radiation sensors
are mounted (Figure 3.2). The AWS also measures snow temperature at two depths
(initially 0.1 and 1.0 m) and air pressure (mounted inside the electronics box). The
instrument height is a measure for the accumulation and is monitored by the station
using a sonic altimeter. The AWS is situated in an accumulation zone, so the instru-
ment height is not constant over time. The initial height was ~2.95 m. In February
2000 the station was visited by staff of the British Antarctic Survey. The sensors were
replaced and the mast raised to obtain a sensor height of ~2.90 m.

The accuracy of the sensors was tested in an intercomparison experiment in the
Netherlands and near the South Pole before the station was placed on Berkner Is-
land. The sensors are not ventilated, which affects the accuracy of, particularly, the
temperature sensor. Problems with the data transmission led to gaps in the data set
of a few hours to a few days. About 8% of the data are lost this way. The most
serious problems were caused by rime forming on the sensors. This causes the wind
speed and wind direction sensors to seize, and shields the instrument height and



38 Chapter 3. Meteorological variables on Berkner Island

~+——— Argos antenna

Wind speed
Air temperature
Solar radiation
Wind direction

Sonic altimeter

Guying rope

Figure 3.2. Schematic picture of the Automatic Weather Station on Berkner Island.

shortwave radiation sensor. As a result, data from these sensors are unreliable be-
tween 4 April 1995 and 30 October 1995 and for some briefer periods. A technical
problem resulted in the loss of wind speed data in 2000.

We will compare the meteorological conditions on Berkner Island with the condi-
tions at Filchner station, Halley station and Recovery Glacier AWS. Filchner station
was a German summer station on the edge of the Ronne ice shelf (77.1°S, 51.2°W;
20ma.s.L.). In 1998 a large iceberg, on which the station was located, calved from the
Ronne ice shelf and the station was closed. Halley station is a permanently occupied
British base on the Brunt Ice Shelf, which is located in the southeastern part of the
Weddell Sea region (75.45°S, 26.4°W; 39 ma.s.l.). Meteorological measurements at
this station started in 1956. Recovery Glacier AWS was placed on Recovery Glacier,
situated south of the Shackleton Range, in 1994 (80.8 °S, 22.3°W; 1220 ma.s.1.). For
Recovery glacier and Filchner station only data for 1995 were available.

3.3 Meteorological conditions

3.3.1 The annual cycle

Figure 3.3 shows the temporal variations in the daily mean values of air temperature,
wind speed, air pressure and instrument height during the six-year period. Table 3.1
shows the annual mean values and extremes (based on hourly averaged values) of
the meteorological parameters for the measuring period. The results will be com-
pared with data from Halley station, Recovery Glacier AWS and Filchner station.
Table 3.2 summarises the annual mean values for Halley station (based on monthly
averaged values), for Recovery Glacier AWS (based on daily averaged values) and
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Figure 3.3. Variation in the daily mean values of (a) air temperature, (b) wind speed and (c) air pressure
over the six-year measuring period, and (d) accumulation since the beginning of the measuring period.
Accumulation is expressed in sensor height changes and is 0 m of snow at 12-2-1995. Thick solid lines
are smoothed curves.
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Table 3.1. Annual averages and extreme values for Berkner Island AWS.

1995 1996 1997 1998 1999 2000 1995-2000

T (°C) annual -23.2 -22.3 -25.7 -24.3 -24.4 -24.0 -24.0+1.2
summer -12.6 -14.5 -15.1 -13.4 -15.5 - -14.241.2
winter -30.3 -27.9 -32.6 -29.8 -32.4 -30.2 -30.5+1.8

Tynin CC) -44.0 -45.4 -46.0 -49.7 -47.2 -46.8 -49.7

Tmaz (°C) -3.1 -3.1 -4.4 -3.2 -3.5 -3.6 -3.1

WS (ms—1) 4.2 5.0 4.1 4.5 3.9 - 4.3+04

W Smaz (ms™1) - 45.3 32.6 34.0 34.7 - 45.3

WD (°) 36.3 359.5 13.0 2.6 355.7 - 6.3

de 0.43 0.49 0.31 0.38 0.48 - 0.424-0.07

P (hPa) 881.4 881.2 880.8 878.2 878.7 882.3 880.4+1.6

S L (Wm—2) 108.0 106.3 113.9 111.8 105.7 103.3 108.24+4.0

Acc. (m of snow) 0.68 0.39 0.29 0.42 0.48 0.44 0.454-0.13

Notes: Averages are based on hourly values. T'and W' S are corrected for instrument height changes.
W D is vectorally averaged. The last column are averages plus the standard deviation over six years.
7', temperature; 1y,p, minimum temperature; 7'mq., maximum temperature; WS, wind speed;
W Simaz, maximum wind speed; W D, wind direction; dc, directional constancy; P, air pressure;
S |, incoming shortwave radiation; Ace, accumulation.

for Filchner station (based on three hourly averaged values). Note that for Berkner
Island, January is missing for the year 1995. To obtain a mean value over a complete
year, values of January 1996 are used in place of January 1995. Furthermore, 63 % of
the wind speed and wind direction data was lost through rime forming in 1995. The
calculated annual mean values are based on the remaining 37 %.

The AWS records show that the near-surface meteorological conditions on the
south dome of Berkner Island are relatively variable compared to other stations on
the Antarctic continent. Besides the seasonal variability, large variations occur on
time scales of days and weeks. Because the station was placed on a dome, the near-
surface climate is mainly influenced by synoptic-scale weather systems and is rela-
tively unaffected by katabatic flow, for which a slope in the terrain would be nec-
essary. The absence of a predominant katabatic flow is shown in the wind speed
(Figure 3.3b) and wind direction as will be discussed below. Gaps in Figure 3.3b are
mainly caused by freezing of the wind speed sensor, which occurs most often in win-
ter. The wind speed is quite variable throughout the measuring period. Although
large gaps are present, no significant annual variation is observed. Daily mean val-
ues vary between 0 and 20 ms~! and wind gusts (maximum of 6 min. means) can
reach 40 to 50 ms~!. The annual mean wind speed is ~4.3 ms~! (Table 3.1), which
is low compared to other Antarctic stations. The long term annual mean wind speed
at Halley, Recovery and Dumont d’'Urville, a French station on the Adélie coast, is
6.6ms™!,55ms ! and 9.4 ms! (King and Turner, 1997), respectively. Halley is, as
Berkner Island, a station mostly affected by the large-scale flow. Recovery and espe-
cially Dumont d'Urville frequently experience severe katabatic winds. Dome C, also
a station on a dome not affected by katabatic flow, observes an even lower annual
mean wind speed of 2.9 ms~! (Wendler and Kodama, 1984).
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Table 3.2. Annual mean values for AWS Recovery, Filchner sta-
tion and Hallye station.

Recovery Filchner Halley
1995 1995 1995-2000

T(°C) -28.0 -23.6 -18.7+1.1
RH (%) - 70.7 -
WS (ms—1) 5.5 39 6.6+£0.7
WD (°) 52.6 - -
dc 0.90 - 0.59
P (hPa) 847.8 - 988.941.6
CC (1/10) - - 0.68+0.03

Notes: Averages are based on daily (Recovery AWS), three-hourly
(Filchner station) and monthly averages (Halley station). For Halley
station the long term (1957-2000) annual means plus standard devi-
ation are presented (King and Turner, 1997). T', temperature; RH,
relative humidity; W.S, wind speed; W D, wind direction; dc, direc-
tional constancy; P, air pressure; C'C, cloud cover.

In general, the wind direction on Berkner Island is variable, with a weak prefer-
ence for directions around North. Variability of the wind direction is expressed in the
directional constancy, which is the ratio of the magnitude of the vector mean wind
speed to the scalar mean. A high directional constancy implies that the wind direc-
tion prefers a particular direction. The directional constancy based on hourly means
for Berkner Island is 0.42 and varies between 0.31 in 1997 and 0.49 in 1996. These
values can be considered low, for Antarctic conditions. Halley has a directional con-
stancy of 0.59 and Dome C has a directional constancy of 0.60. Recovery and Dumont
d’Urville both have a high directional constancy of 0.90 and 0.91, respectively, which
is due to the predominant katabatic flow.

The summer on Berkner Island is short and peaked, temperatures during the
summer staying below 0°C. The maximum hourly mean temperature measured was
-3.1°C (28 January 1996) so no significant melt is expected. The lowest recorded
temperature is -49.7 °C (1 August 1998). During winter, temperature fluctuations of
20°C or more occur within a few days. The annual mean temperature for Berkner
Island over the measuring period is ~-24 °C. The 10 m snow temperature, a measure
for the annual mean surface temperature, is -26.4 °C (Oerter, 1995). Compared to
the temperature at the German station Filchner, the temperature on Berkner Island
is relatively high. Filchner station was situated on the edge of the Ronne ice shelf
at sea level. This means that the temperature at Filchner station should be 5 to 7°C
higher than on the south dome of Berkner Island, based on a lapse rate of 0.006 -
0.008 Km™!. This is not the case. In 1995 the annual mean temperature for Filch-
ner was -23.6 °C compared to -23.2 °C on Berkner Island. The summer was warmer
at Filchner station, -7.9 °C compared to -12.6 °C on Berkner Island and the winter
was colder, -34.2 °C compared to -30.3 °C. The low temperatures at Filchner station
are probably due to the presence of a strong temperature inversion which appar-
ently does not develop at Berkner Island. The inter-annual temperature variability
at Berkner Island is similar to the long term variability at Halley, ~1.1°C.
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Figure 3.4. Average diurnal variations of (a) air temperature, (b) wind speed (c) shortwave incoming
radiation and (d) directional constancy in January over the six-year measuring period.

The pressure record shows an annual variation (Figure 3.3c). Fourier analysis
of the time series shows that ~36 % of the annual variation is explained by the first
harmonic (annual cycle) and ~33 % by the second harmonic (semi-annual cycle). The
contribution of the second harmonic to the signal is of the same order of magnitude
as at Halley (39 %, over 1980-96) (Van den Broeke, 1998). The lower contribution at
Berkner Island is probably due to the more southern and continental location of the
station.

The absence of melt implies that mass loss is caused entirely by wind erosion
and/or sublimation. Figure 3.3d shows that the height of the sensor bar decreases
by 2.70 m over the measuring period. Snow pit measurements 5 km from the AWS
yield a mean near-surface snow density of 368.2 kg m~3 (Oerter, 1995; Gerland et al.,
1999) resulting in an annual accumulation of ~166 mm water equivalent per year
(w.e.yr'). Results from a firn core drilled near the snow pit reveal an annual mean
accumulation of 174 mm w.e. yr—! based on ~20 years of accumulation (Wagenbach
et al., 1994). The inter-annual variability is large (Table 3.1). There is no significant
annual trend in accumulation, although the gradient in instrument height change
averaged over the six-year period seems largest in the summer months. About 40 %
of the annual accumulation occurs in these months. In general, accumulation occurs
in small events of a few centimeters. Large snow fall events in which 0.1 to 0.2 m
snow accumulate occur about twice a year. In such an event a quarter to a third of
the annual accumulation takes place. These snow fall events will be discussed in
Section 3.3.3.
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3.3.2 The diurnal cycle

Berkner Island is located south of the Antarctic polar circle where the sun remains
below the horizon in winter. The lack of a diurnal varying forcing in winter results
in the absence of a diurnal cycle in the meteorological parameters as temperature
and wind speed. In summer, the incoming solar radiation forces a diurnal cycle in
these parameters. Figure 3.4 presents the mean diurnal variations in air temperature,
wind speed, shortwave incoming radiation and directional constancy in January.

Figure 3.4c shows that the maximum in shortwave radiation occurs a few hours
after 12 GMT, which is due to the longitude location of the station at 45.78 °W. The
maximum in air temperature occurs about an hour after the maximum in shortwave
radiation. In daytime, the solar radiation heats the surface resulting in more unsta-
ble conditions and (partly) destroying the surface temperature inversion. At loca-
tions where the katabatic forcing is weakly developed, this results in an increasing
influence of the large scale flow expressed in the higher wind speed and a lower di-
rectional constancy during daytime. In a well developed katabatic layer the effect
of a (partly) destruction of the surface temperature inversion would be a decrease in
wind speed and also a decrease in directional constancy.

3.3.3 Case study of snowfall events

Near the Berkner Island AWS several shallow ice core and snow pit studies have
been carried out (Wagenbach et al., 1994; Oerter, 1995; Gerland et al., 1999). In the
near future the British Antarctic Survey plans to drill an ice core to the bedrock on
the south dome of Berkner Island. In the interpretation of ice cores it is important
to have knowledge of the annual amount of snow accumulation, seasonality of the
accumulation and meteorological conditions during which snow fall occurs. A nec-
essary condition for the occurrence of precipitation is the existence of a low pressure
area in the vicinity of the Island. Depressions generally originate from the southern
Atlantic Ocean, north of the island, and move from west to east. In the eastern sec-
tor of such a system relative warm, moist air is transported southward (Bromwich,
1988). When the depression is located to the northwest of Berkner Island, this air can
bring snow to Berkner Island. When the system moves further to the east, the air has
to travel over western Dronning Maud Land before arriving at Berkner Island and
will have lost most of its moisture (King and Turner, 1997). There are two types of
depressions bringing snow to Berkner Island.

The first type is the most common one. A depression that developes in the mid
or high latitudes of the South Atlantic Ocean moving from west to east, north of
Berkner Island. This type occurs frequently but seldom brings much snow. It is
characterized by a decrease in pressure after the snow fall event, high wind speeds
and a turning of the wind from north to east and south. At the beginning of October
1996, a depression of this type brought ~0.25 m of snow (Figure 3.5a to 3.5e). About
half of it was blown away within a day. The pressure drops from 883 hPa to 874 hPa
during the event and drops further to 857 hPa on 9 October. The wind direction
changes from north to east on 9 october and south-west on 10 October. The tempera-
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Figure 3.5. Hourly mean variation of (a,f) temperature, (b,g) wind speed, (c,h) wind direction, (d,i)
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ture during the event is ~5 °C higher than the average monthly value.

The second type is a topographically induced low. When an airstream passes
a topographic barrier, like the Antarctic Peninsula, on the lee side cyclones can de-
velop. Some of these cyclones grow into major depressions and move southward
into the Weddell Sea area (King and Turner, 1997). Most of the large snow fall events
are caused by this type of depression, moving from north to south close to the Penin-
sula and remaining to the west of Berkner Island. In this case the snow falls when
the pressure is at its lowest point or already rising again. The wind speed is high
and the wind direction turns from north-east to north and north-west. Figure 3.5f to
3.5j shows a snow fall event of this type at the end of October 1998. About 0.30 m of
snow falls on 27 October. About 0.1 m was blown away within a day. The remaining
snow settles and densifies in the month after the event (see Figure 3.3d). The pres-
sure is already rising from 859 hPa on 25 October to 873 hPa on 30 October. The wind
speed is high and the wind direction indeed turns from north on 25 October to west
and south-west on 31 october. As during the first event, the temperature is relatively
high, ~8 °C higher than the monthly mean.

3.4 The surface energy balance

The meteorological data presented in the previous sections are used to calculate the
surface energy fluxes with the aid of an energy balance model. Due to a problem
with the wind speed sensor, fluxes are calculated for the period 1995-99 only. In this
section the model is described and validated, after which the results are presented.

3.4.1 Model description

The model used to compute surface energy fluxes is described in Greuell and Konzel-
man (1994). They used the model to calculate the surface energy balance for the
Swiss Federal Institute of Technology (ETH) camp location, West Greenland. We ad-
justed the model to suit the situation on Berkner Island. The model will be described
briefly to illustrate the adjustments that were made.

The model consists of an atmospheric part and a firn part. No adjustments were
made in the firn part of the model. In the firn part the model calculates the tem-
perature and density on a grid extending vertically from the surface to 25 m depth.
The distance between the grid points of the snow model changes exponentially from
10 mm at the surface to 3 m at a depth of 25 m. On this grid the thermodynamic
energy equation is solved:

or o <K8T> 0Q: 0

0

0z

where p is the density, ¢, the heat capacity of ice, K is the effective conductivity,
0Q¢/0z the absorption of energy coming from the atmosphere, M/ the melt rate, F
the freezing rate and L) the latent heat of fusion. In the upper most layer of the
model, Q; is the sum of the radiative and turbulent fluxes. In the following layers
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Q¢ is the penetrated shortwave radiation flux. K is a function of the density and is
calculated using Von Dusen’s equation (Sturm et al., 1997):

K=(21x1072)+ (4.2 x 107%p) + (2.2 x 107%p?) . (3.2)

Densification of the snow pack is possible through internal melting and/ or refreez-
ing. Furthermore, empirical relations developed by Herron and Langway (1980)
describe settling and packing of the snow pack. The main result from the firn model
for the surface energy balance, is the surface temperature (7).

In the atmospheric part of the model, the radiative and turbulent fluxes are cal-
culated. Generally, if there is no melt, the surface energy balance is written as (fluxes
towards the surface are positive):

S+L+H+LE+G=0, (3.3)

where S is the net shortwave radiative flux (incoming minus reflected), L is the net
longwave radiative flux (incoming minus emitted), H and LE the turbulent fluxes of
sensible and latent heat, respectively, and G is the subsurface energy flux. The model
is forced by five meteorological quantities, namely air temperature, wind speed, air
pressure, incoming shortwave radiation and snow-height changes. The AWS does
not measure humidity and therefore relative humidity was set to a constant value of
70 % based on Filchner station measurements (Table 3.2).

The snow height changes were derived from the instrument-height measure-
ments and influence the size and density of the uppermost grid layer. In the case
presented here, the net shortwave radiation is derived from incident radiation mea-
surements and using an albedo of dry snow of 0.8 (Bintanja and van den Broeke,
1995). The longwave incoming radiation is calculated using the parameterization
of King (1996), which is derived from monthly mean values of incoming longwave
radiation and temperature at four Antarctic stations:

L |=0.49 + (4.70 x 1073T%) (3.4)

where T, is the screen level (2 m) temperature in K. The temperature measurements
are corrected to give T,,. The longwave emitted radiation is calculated using the
Stefan-Boltzmann law with an emissivity of 1, and the surface temperature (7)) de-
rived from the firn part of the model.

The fluxes of sensible and latent heat are calculated using Monin-Obukhov simi-
larity theory. In the atmospheric surface layer the mean gradients of wind speed (u),
potential temperature () and specific humidity (¢) are assumed to be related to the
corresponding fluxes according to the flux-profile relations:

Kz Ou
R dm (&) (3.5)
Kz 00
0.8, én(8) (3.6)
20— e, (37)

q. 0z
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where & is the von Kédrmén constant (= 0.4), z the height above the surface, u. the
friction velocity, 6. the turbulent temperature scale, ¢, the turbulent humidity scale, £
anon-dimensional length scale (= z /L, in which L, is the Monin-Obukhov length
scale) and ¢,,, and ¢, are the non-dimensional stability functions for momentum (m)
and heat (h), respectively. The non-dimensional stability function for moisture is
assumed to be equal to ¢p,. In unstable conditions (§ < 0) the expressions for ¢ of
Dyer (1974) and Hogstrom (1988) are used, while in stable conditions (¢ > 0) the
expressions for ¢ of Duynkerke (1991) are used. Assuming a constant flux layer,
the flux profile relations can be integrated analytically between two heights, i.e. the
surface and the measuring height. The surface roughness length of momentum (z;)
is assumed to be 1.0 x 10~* m and is an empirically derived value presented by King
and Turner (1997). The surface roughness lengths of heat (z;,) and moisture (z,) are
calculated using the method described by Andreas (1987), so zj, and z, are a function
of zp and u,. At z¢ the wind speed is zero and the specific humidity takes the ice-
saturation value for T;. Knowing the surface roughness lengths, the humidity, the
wind speed and temperature at two levels, it is possible to compute u, , 6, and g,
using an iterative method. The turbulent fluxes of sensible (H) and latent (L E) heat
can then be calculated with:

H = —pucpau.bs (3.8)
LE = —piLgusqs, (3.9)

where p, is the air density, ¢,, the heat capacity of air at constant pressure and L,
the latent heat of sublimation.

3.4.2 Model validation

To validate the model output, the modelled and measured subsurface temperatures
are compared. In Figure 3.6 the modelled and measured subsurface temperature
at two depths are shown for the five-year period. The sensor depths were 0.1 and
1.0 m initially, which slowly increased due to accumulation. The model is able to
simulate the measurements fairly well, but underestimates the temperature at both
levels. During summer the differences are largest but generally remain smaller than
3.5°C. At larger depth the differences diminish. The mean difference between the
modelled and measured temperature is 1.5°C at the 0.1 m level and 1.1°C at the
1.0 m level. Greuell and Konzelman (1994) also found differences of this magnitude
between their modelled and measured subsurface temperature on Greenland. They
attributed the differences to a thin layer of snow over an ice surface, which was not
represented in the model, or to a deficiency in the simulation of internal melting.
In our case, however, the snow layer is thick enough and no internal melting takes
place, so this could not explain the differences found in this study.

A problem in our case is the fact that we have no direct measurements of the
longwave radiation fluxes or measurements of the turbulent fluxes. This means that
parameterizations are needed to calculate these fluxes. Table 3.3 shows the sensitiv-
ity of snow temperatures and fluxes to changes in the model parameters and mea-
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Figure 3.6. Daily mean values for the simulated (solid line) and measured (dashed line) snow tem-
peratures at two depths over the five-year measuring period. Also shown is the difference between the
measured and simulated temperatures (simulated minus measured) corrected for depth changes.

surements. The table shows that the snow temperatures and the fluxes are very sen-
sitive to changes in the longwave incoming flux and the snow albedo. The influence
of changing the longwave incoming flux on the snow temperature diminishes with
increasing depth. The fluxes are less sensitive to changes in the surface roughness
length and the fractional extinction coefficient of shortwave radiation penetration in
snow. The snow temperatures are changed by 0.3 to 0.4 °C. Changes in the snow den-
sity, the extinction coefficient of snow and the effective conductivity do change the
snow temperatures by ~0.2°C but do not change the fluxes significantly. Changes
in the relative humidity and the stability corrections only have a small influence on
the turbulent fluxes and hardly change the snow temperatures.

The table shows that the uncertainty in the snow fluxes can be reduced by per-
forming measurements of the surface albedo and longwave radiative fluxes. They
will also change the snow temperatures significantly. More sophisticated routines
calculating the extinction coefficients are available (Brandt and Warren, 1993) but
require the solar radiation to be treated in small wavelength bands, which is not
feasible here.

3.4.3 The annual cycle

Accepting the calculated energy fluxes in the reference run, Figure 3.7 shows the
monthly mean surface energy fluxes for the complete period. To obtain estimates
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Table 3.3. Sensitivity of the snow temperature and the fluxes to changes in model parameters.

Reference Test dTsy dTsy dTsy dTsy ds drL dH dLE
(0.05) (0.20) (0.55)  (0.80)
RH=70% 60 % -0.07 -0.03 -0.03 -0.01 0.0 0.4 0.8 -1.2
20=0.1 mm 1.0mm 0.32 0.30 0.27 0.26 0.0 -1.0 1.3 -0.2
a=0.8 0.75 0.61 0.72 0.66 0.63 49 -14 25 -1.0
p=350kgm—2  375kgm—3 -0.10 -0.17 -0.18 -0.18 00 -0.1 0.0 0.0
L ]® L |Pcc=0.7 0.35 0.38 0.35 0.34 0.0 1.3 -1.0 -0.2
L |Pcc=0.75 0.84 0.84 0.78 0.76 0.0 34 2.8 -0.6
L 12+5% 1.23 1.20 1.12 1.08 0.0 5.3 -4.3 -0.9
B=15m~1! 10m~1 0.05 0.20 0.25 0.23 0.0 0.0 0.0 0.0
¢=0.36 0.75 -0.30 -0.44 -0.41 -0.38 0.0 0.0 -0.1 0.0
¢° ¢ 0.07 0.08 0.08 0.06 00 -0.1 0.3 -0.1
K,VonDusen® Jansson® -0.07 -0.15 -0.17 -0.17 0.0 -0.1 0.0 0.0

Notes: Between brackets the initial depth of the T, sensors in m. T, is in °C and the fluxes
are in Wm~2. Differences are test minus reference. In each run, one parameter is changed. The
mean Ty, in the reference run are -26.6, -26.1, -25.7 and -25.5 °C, respectively, and mean fluxes are
19.6, -29.3, 11.2 and -1.7 Wm™—2, respectively. T, snow temperature; S, net shortwave radiation;
L, net longwave radiation; H, sensible heat flux; LE, latent heat flux; RH, relative humidity; zo,
surface roughness length; «, albedo; p, density snow; cc, cloud cover); 3, extinction coefficient snow;
¢, fractional extinction coefficient; ¢, stability functions; K, effective conductivity.

References: a, King (1996); b, Kénig-Langlo and Augstein (1994); ¢, Hogstrom (1988) and Duynkerke
(1991); d, Dyer (1974); e, Sturm et al. (1997).

throughout the winter of 1995 the long-term mean wind speed is used and the sen-
sor height is linearly interpolated. During winter the net radiative flux (R) is fully
determined by the net longwave radiation flux (L). R is negative, upward directed
(~-20 Wm~?2), and almost completely balanced by a positive sensible heat flux (H)
that cools the air near the surface. This is a typical feature of the surface energy bal-
ance in the Antarctic winter. The magnitude of R corresponds to values found by
King et al. (1996). The magnitude of H corresponds to values found by Stearns and
Weidner (1993) for three weather stations on the Ross Ice Shelf (Gill, Elaine and Let-
tau). Two other stations (Marilyn and Schwerdfeger) show larger fluxes. The latent
heat flux (LE) is small during winter because of the low temperatures as was found
by Stearns and Weidner (1993).

In the short Antarctic summer (November, December and January), R is positive
and dominated by the net shortwave radiation flux (S), warming the surface. The
warmer surface causes the emitted longwave radiation flux to increase and the con-
ditions in the surface layer to become unstable. This is indicated by negative values
of H (-5 to -10 Wm™2). Stearns and Weidner (1993) also found negative values for
H for Gill, Elaine and Lettau AWS. LE is of the same order of magnitude as H and
also negative, indicating that the snow layer loses mass by sublimation. The energy
flux into the ice (G) is small. The magnitude of LE in summer is of the same order
as found by Wendler et al. (1988) in Adélie Land (-8.7 W m ~2). Stearns and Weidner
(1993) found slightly higher fluxes on the Ross ice shelf (-10 to -30 Wm~?) as did
Bintanja and van den Broeke (1995) in Dronning Maud Land (-22.1 W m~2). Bintanja
(2000) shows however that LE found by Bintanja and van den Broeke (1995) was too
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Figure 3.7. Monthly mean values for net shortwave radiation (S), net longwave radiation (L), net
radiation (R), sensible heat flux (H), latent heat flux (LE) and total subsurface energy flux (G). Fluxes
towards the surface are defined positive. The bars are stacked.

large due to an underestimation of the relative humidity. A recent analysis yielded
a value -10.8 Wm~? (Bintanja, 2000). Wendler et al. (1988), Bintanja and van den
Broeke (1995) and Bintanja (2000) find daily averaged positive values of H above
snow surfaces indicating stable conditions.

Annual mean values of the surface energy fluxes are given in Table 3.4. The an-
nual mean fluxes for 1995 are calculated using the month January of 1996 to fill in the
missing values. The annual mean net radiation flux is negative and is almost equal
to the value found by King et al. (1996) of -9.8 Wm~? for Halley. The negative net
radiation is mainly balanced by a net downward sensible heat transport. This indi-
cates stable conditions on the average. This balance was also found at the South Pole
(Carroll, 1982) but the fluxes were twice as large (H =194 Wm =2, R=-18.7 Wm™2).
The annual mean subsurface energy flux is small. Positive values indicate cooling of
the snow pack, negative values indicate warming of the snow pack. The calculated
annual mean latent heat flux of -1.7 W m~* corresponds to a mass loss through subli-
mation of ~20.0 mm w.e. yr~!. The fluxes are reasonable constant from year to year.
The small turbulent fluxes in 1997 and 1999 are mainly due to the low mean wind
speed in those years.
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Table 3.4. Annual mean values and mean values over the 5 year period of the
surface energy flux components in Wm™2.

Flux 1995 1996 1997 1998 1999 1995-1999
S 98.7 93.8 99.4 100.9 96.3 97.8+2.8
ST -78.9 -75.0 -79.5 -80.7 -77.1 -78.24£2.2
S 19.8 18.8 19.9 20.2 19.2 19.6£0.6
Ll 183.4 187.5 178.0 181.7 181.6 182.443.4
Lt -214.3 -216.7 -206.6 -211.4 -209.9 -211.8+3.9
L -30.9 -29.2 -28.6 -29.7 -28.3 -29.3+1.0
R -11.1 -10.4 -8.7 9.5 9.1 -9.8+1.0
H 12.2 12.5 9.9 11.2 10.1 11.2+1.2
LE -1.6 -2.0 -1.6 -1.8 -1.5 -1.7+0.2
G 0.5 -0.1 0.4 0.1 0.5 0.3£0.3

Notes: S |, incoming shortwave radiation; S 1, reflected shortwave radiation;
S, net shortwave radiation (S | - S 1); L |, incoming longwave radiation; L 1,
emitted longwave radiation; L, net longwave radiation (L | - L 1); R, net radi-
ation (S + L); H, sensible heat flux; LE, latent heat flux; G, subsurface energy
flux.

3.4.4 The diurnal cycle

Figure 3.4 shows that the important meteorological variables exhibit a marked diur-
nal cycle. The diurnal cycle is related to the daily variations in insolation. Figure 3.8
presents the resulting diurnal variations in the surface energy fluxes averaged over
all months of January.

The diurnal cycle in S is entirely determined by the diurnal cycle in S | due to
the choice of a constant albedo. In reality the albedo also exhibits a diurnal variation,
with a minimum at the lowest solar zenith angle, i.e. around solar noon, and is also
influenced by snow sastrugi. This brings about an additional diurnal variation in
S 1. The diurnal variations in L | and L 1 are mainly determined by the variations
in air and surface temperature, respectively. The maximum in the longwave radia-
tion fluxes therefore coincide with the maximum in temperature and occur about an
hour after solar noon. Because the variations in shortwave radiation are larger than
the variations in longwave radiation, R is dominated by the shortwave radiation. R
shows a maximum of ~40 Wm™2 at about solar noon (~15.00 GMT). During day-
time, H and LE are both negative and of the same order of magnitude. Both show a
minimum value of ~-15W m~?2 about an hour after the maximum in R. The negative
H indicates unstable conditions in the boundary layer and the negative LE indicates
surface sublimation. LE is negative during the entire day and indicates surface sub-
limation of ~0.2 mm w.e. per day. During night H is positive, partly balancing the
negative R. The near surface air is cooled and conditions become stable.

The diurnal variations in the net radiative fluxes are comparable to the variations
found by Bintanja (2000) over snow surfaces. The net longwave radiative fluxes
in this study are smaller resulting in larger (less negative) net radiation fluxes at
night. The net radiative fluxes found by Wendler et al. (1988) are considerably larger
than presented here and the R presented by Bintanja (2000). This is probably due
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Figure 3.8. Diurnal variations in (a) shortwave radiative fluxes, (b) longwave radiative fluxes and

(c) surface energy fluxes. S | is incoming shortwave radiation, S 1 reflected shortwave radiation, S

net shortwave radiation, L | longwave incoming radiation, L 1 longwave outgoing radiation, L net

longwave radiation, R net radiation, H sensible heat flux, LE latent heat flux and G total subsurface
energy flux. Averages are calculated over all months of January.

to the more northerly location of their station resulting in larger insolation during
daytime. LE in the three studies are comparable and negative the entire day. H
remains positive in the study of Bintanja (2000), while in this study and the study of
Wendler et al. (1988) H becomes negative, during unstable conditions, in daytime.

3.5 Summary and concluding remarks

The AWS on Berkner Island has provided us with a fairly complete six-year meteo-
rological data set. The data show that the near-surface conditions on Berkner Island
are largely determined by the large-scale flow; the station is located on a dome where
it is unaffected by katabatic flows. The annual average air temperature is ~-24 °C.
In the absence of katabatic forcing, the annual mean wind speed is relatively low
(4.3 ms™!) and the wind direction variable (directional constancy = 0.42). The an-
nual mean mass balance is positive and ~166 mm w.e. yr~!, which compares well
with ice core studies (Wagenbach et al., 1994).

Using an energy balance model we have computed the surface energy balance
and subsurface temperatures. The calculated subsurface temperatures compare rea-
sonably well with the measurements. The sensitivity analysis shows that the sub-
surface temperatures and surface fluxes are especially sensitive to changes in the
parameterization of the incoming longwave radiation flux and the magnitude of
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the extinction coefficients of penetrating shortwave radiation in snow. Neverthe-
less, considering the limited number of variables measured and the large number
of assumptions made, the model results can be regarded as reasonably good, with
mean differences between measured and modelled snow temperatures of 1.5°C at
the 0.1 m level and 1.1 °C at the 1 m level.

Considering the annual average values, the net shortwave radiation flux is the
largest positive term (i.e., directed towards the surface) in the surface energy bal-
ance (+19.6 Wm~=2). The sensible heat flux is also positive (+11.2 W m=2). The net
longwave radiation flux (-29.3 W m~?) and the latent heat flux (-1.7 W m~2) cool the
surface on average. The annual cycle of the surface energy balance shows that in
early summer the sensible heat flux is negative and heating of the snow occurs. The
other months show a steady cooling of the snow pack. In the summer months the
sensible heat flux becomes negative in daytime when conditions become unstable.

This study shows that using simple meteorological measurements (e.g., temper-
ature, wind speed, pressure, incoming shortwave radiation and instrument height
changes) and a surface energy balance model, it is possible to calculate the sur-
face energy fluxes with reasonable precision, provided that model input parameters
(e.g., surface roughness length and snow conductivity) and parameterizations (e.g.,
longwave incoming radiation and Monin-Obukhov similarity theory) used are ap-
plicable. The accuracy of the calculated fluxes can be improved by improving the
parameterizations of the incoming longwave radiation for polar regions and imple-
mentating a wavelength depending extinction coefficient of shortwave radiation in
snow. On the instrumental side, solving the problem of freezing of the wind speed
sensor, increasing the number of observed meteorological parameters (e.g., reflected
shortwave radiation, humidity and longwave radiation), and direct turbulence mea-
surements will lead to improvements as will be shown in Chapter 5.






Chapter 4

Meteorological conditions in
Dronning Maud Land, East
Antarctica

Summary

We present data of eight Automatic Weather Stations (AWS) located in Dronning
Maud Land (DML), East Antarctica, that have been operational since the austral
summer of 1996-97. The data show the important influence of the katabatic wind on
the meteorological conditions in DML. This is expressed in a maximum in potential
temperature and wind speed at the sites with the steepest slope, at the edge of the
Antarctic plateau. The annual mean potential temperature ranges from -18 °C on
the Antarctic plateau to -1°C on the slope. The annual mean wind speed ranges
from ~3.5 ms~! on the plateau to ~7 ms~! on the slope. Furthermore, the wind
direction is very constant at all stations and directional constancies vary between 0.67
and 0.93. On the ice shelves, the meteorological conditions are determined by the
large-scale geostrophic flow. Accumulation decreases with elevation and distance
from the coast from ~400 mm w.e.yr—* on the ice shelf to ~30 mm w.e.yr—! on the
Antarctic plateau. Owing to the low temperatures, the specific humidity is very low.
It decreases with elevation and distance from the coast, and is strongly correlated
with the temperature.
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4.1 Introduction

The Institute for Marine and Atmospheric Research Utrecht (IMAU), in co-operation
with the Alfred Wegener Institute for Polar and Marine Research, Bremerhaven,
operates nine Automatic Weather Stations (AWS) in Dronning Maud Land (DML),
Antarctica (Figure 4.1). The AWS are a contribution to the European Project for Ice
Coring in Antarctica (EPICA) and will provide a more thorough knowledge of the
meteorological conditions in DML. This will increase our understanding of the pro-
cesses influencing the surface mass balance and heat budget in DML, which will help
with the interpretation of ice cores.

Several expeditions and studies focussed on DML have been carried out in recent
years, to aid the search for the EPICA drill location. Relatively little was known of
the climatology of DML. Data gathered during the pre-site surveys partly fills this
gap and are useful in the interpretation of firn core and snow pit data. The studies
of, e.g., Isaksson et al. (1999), Van den Broeke ef al. (1999), Karlof et al. (2000) and
Oerter et al. (2000) focussed on the accumulation pattern in DML using snow pit and
firn core measurements. King (1989) and Konig-Langlo et al. (1998) used data from
coastal stations to study the climate of DML, while Jonsson (1995), Van den Broeke
and Bintanja (1995) and Bintanja and Reijmer (2001) concentrated on the exceptional
conditions on and near a blue ice area in DML. These studies are either limited in
the amount of studied parameters, limited to only several months of measurements,
usually in summer, or limited to coastal locations. The limitations are brought about
by the remoteness and the harsh weather conditions of the Antarctic continent.

AWS are well suited to overcome the problems of remoteness and harsh weather
conditions. Apart from the IMAU AWS, only a few AWS are operational in the DML
region. South of Halley the United States Antarctica Research Program (USARP) op-
erates two AWS (Stearns et al., 1997). The Japanese Antarctic Research Expeditions
(JARE) operates six AWS in cooperation with USARP, on a transect from Syowa to
Dome F (Takahashi ef al., 1998; Enomoto et al., 1998). The IMAU AWS cover the
spatial gap between these two programs, the area between 15 °W - 15°E and 72 °S -
76 °S. In the future, data could also be used to validate climate and weather predic-
tion models currently used to study the Antarctic climate (Genthon and Braun, 1995;
King and Connolley, 1997; Krinner et al., 1997b; Van Lipzig et al., 1999).

In this chapter we use AWS data to examine the spatial and temporal variability
of the meteorological conditions in DML. Section 4.2 briefly describes the experimen-
tal set-up and location of the weather stations. In Section 4.3 the measurements are
described and discussed in terms of spatial and temporal variability. The chapter is
concluded with a summary and some concluding remarks.

4.2 Location and experimental set-up

The location and experimental set-up of the weather stations in DML is extensively
described in Chapter 1. In this section a brief summary of the important details is
given. Figure 4.1 shows the locations of the AWS in DML (see also Figure 1.4 and
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Figure 4.1. Map of Antarctica, showing the locations of the IMAU Automatic Weather Stations
(AWS) and other stations mentioned in this chapter. AWS 9 is situated ~2 km west of the EPICA
drilling site in Dronning Maud Land (DML). Shaded areas are ice shelves (FRIS, Filchner Ronne Ice
Shelf; RIS, Ross Ice Shelf) and dotted lines indicate the transects presented in Figure 4.2.

Table 1.1) and other stations mentioned in this chapter. The locations of the AWS
were chosen such that they cover a substantial part of western DML and represent
different climate regimes. AWS 4 is located in the coastal area on an ice shelf, AWS
5 on the lower part of the ice sheet near the grounding line, AWS 1, 2, 6 and 7 close
to or on the steep slope towards the Antarctic plateau and AWS 3, 8 and 9 on the
Antarctic plateau. Figure 4.2 shows two elevation transects along AWS 3,2 and 1 to
the coast (transect 1) and along AWS 8, 6, 5 and 4 to the coast (transect 2). AWS 9 is
located between these two transects. Nearly all stations are located on snow; AWS 7
is located on blue ice. Results from this station are presented in Bintanja and Reijmer
(2001).

All stations measure air temperature, wind speed, wind direction, instrument
height, air pressure and incoming shortwave radiation (Figure 1.5). Except AWS 2,
all stations additionally measure firn temperatures at eight (AWS 1 and 3) or ten
(AWS 4 to 9) different depths. AWS 4 to 9 additionally measure relative humidity,
reflected shortwave radiation and incoming and outgoing longwave radiation. The
initial height of the instruments was ~3 m above the surface. The accuracy of the
sensors are discussed in Chapter 1.3. Hourly (AWS 1 to 3) or two-hourly (AWS 4 to
9) averages are stored locally and transmitted using Argos transmitters. Problems
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Figure 4.2. Elevation transects along AWS 3, 2 and 1 to the coast (transect 1) and along AWS 8, 6, 5
and 4 to the coast (transect 2) (see Figure 4.1). Based on data of a 10 by 10 km digital elevation model
(data courtesy of ]. Bamber, Bristol University).

with data transmission due to low temperatures occasionally result in gaps in the
data sets of AWS 3, 8 and 9. The results presented here comprise a four-year data set
for AWS 1 to 3 and a three-year data set for AWS 4 to 9.

The meteorological conditions at the AWS sites are compared with the condi-
tions at other weather stations on the Antarctic continent (Figure 4.1 and Table 1.3).
The two manned stations located closest to the AWS are Halley, the British research
station on the Brunt Ice Shelf, and Neumayer, the German research station on the
Ekstrom Ice Shelf. Regular meteorological measurements at Halley started in 1956
and at Neumayer in 1981. Data from these stations are presented in e.g., King (1989),
Ko6nig-Langlo and Herber (1996) and Konig-Langlo et al. (1998). Other (temporary)
stations in the vicinity of the AWS are Relay station AWS and Dome F AWS on the
Japanese transect from Syowa to Dome F. Data from these stations are presented in
Takahashi et al. (1998).

4.3 Results

4.3.1 Prevailing synoptic conditions

The near surface climate in DML is determined by a combination of predominant
katabatic winds and synoptic winds forced by transient cyclones travelling eastward
parallel to the coastline. The influence of the cyclones decreases toward the interior
of the continent, where the near surface climate is increasingly influenced by the
katabatic wind (Parish and Bromwich, 1991, 1998). This is generally not true, but it
is in DML as will be shown. The katabatic (or inversion) wind is forced by cooling
of the near surface air over a sloping surface, which forces a down slope pressure
gradient inducing a down slope gravitational flow.

The influence of cyclones is confined to the coastal area. The cyclones influencing
DML mainly develop in the southern Atlantic Ocean or in the Weddell Sea area and
travel south and eastward along the coastline (Jones and Simmonds, 1993; King and
Turner, 1997). The abundance of depressions dissipating near the coast result in the
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circumsolar pressure trough. Due to the location of DML south of the circumsolar
trough, the mean synoptic pressure gradient forces a north-easterly flow in this area.
When depressions are strong enough and travel through the southern part of the
Weddell Sea area, they can enhance the katabatic flow in DML (Jonsson, 1995). A few
times per year a high pressure ridge develops over DML and depressions are forced
towards the continent instead of their usual path parallel to the coast line (Noone
et al., 1999). These depressions are responsible for most of the snow accumulation in
western DML (Noone et al., 1999; Reijmer and van den Broeke, 2001).

The meteorological conditions are described in terms of geographical locations of
the AWS. For the purpose of clarity, DML is divided into three regions similar to the
regions presented by Fortuin and Oerlemans (1990); the ice shelves, the escarpment
region and the Antarctic plateau. The regions are distinguished by their climatic
and topographic settings, which result in typical characteristics with respect to mean
values, long-term variations and diurnal cycle of the meteorological variables.

4.3.2 Inter-annual variability

The AWS have provided us with a fairly complete three to four-year data set. In
this section the inter-annual variations measured with the AWS are discussed and
compared with longer time series measured at Neumayer and Halley. The records
obtained so far are too short to study decadal variability in the atmospheric condi-
tions caused by, e.g., El Nino and the Southern Oscillation (Cullather et al., 1996) or
the Antarctic circumsolar wave (Christoph et al., 1997). Tables 4.1 and 4.2 present an-
nual averages of the meteorological variables. Missing days in January 1997 (AWS
2) and January 1998 (AWS 5, 6 and 8) are replaced with corresponding days of the
following year. This results in an addition of 1% data to AWS 2, 9% to AWS 5 and
4% to AWS 6 and 8 in the first measuring year.

Pressure The inter-annual variability in the annual mean surface pressure pre-
sented in Table 4.1 is on the order of 4 hPa. The variability over the 40-year period at
Halley and the 20-year period at Neumayer is of the same order of magnitude. The
annual mean surface pressure was lowest in 1998 and highest in 2000, which is also
seen in the measurements at Neumayer and Halley station.

Radiation Table 4.2 presents annual mean values of the measured radiative fluxes.
The radiative fluxes are more extensively described in Chapter 5. Shortwave in-
coming radiation (S |) is measured at all stations, whereas the reflected shortwave
radiation (S 1) and the longwave radiation (L | and L 1) are only measured at AWS
4 to 9. The amount of solar radiation the surface can receive (S |) is determined by
elevation, latitude, cloud amount and cloud type, which is in DML strongly related
to the distance from the coast. Figure 4.3a presents the annual S | as a function of
elevation. For the lower stations (AWS 1, 4, 5 and 6), S | increases with elevation.
S | decreases with latitude when going from AWS 2 to 9 and 8, which are located
at ~72°S,75°S and 76 °S, respectively. The inter-annual variability in S | is on the
order of 5- 10 Wm™2.
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Table 4.1. Annual averages of the meteorological data for the IMAU AWS, Halley and Neumayer.

AWS yr T 0 RH q ws wD dc P acc.
Q) O (B (gkg™H) (ms™h) () (hPa)  (mmw.e.)

1(1420) 1997 -215 -6.6 - - 6.8 451 072 8186 21148
1998 -225 -74 - - 6.1 539 067 8151 13048

1999 - - - - 6.2 559 0.67 8171 133+8

2000 - - - - 5.8 59.7  0.67 818.0 33+8
2(2400) 1997 -264  -15 - - 6.7 108.8 074 7142 111421
1998 279 26 - - 6.3 1220 077 711.0 88+15

1999 270 21 - - 6.7 1189 0.81 7133 13+15

2000 -279 -31 - - 6.3 1219 080 7138 114+18
3(3453) 1997 - - - - - - - - 3+17
1998 - - - - - - - - 62116

1999 -478 -13.9 - - 3.9 873 077 6173 39+16

2000 -48.7 -15.2 - - 35 953 080 6177 26116

4 (34) 1998 -19.2 -17.4 766 1.02 4.9 - - 975.8 452461
1999 -193 -17.7 772 1.01 5.0 - - 978.4 371451

2000 -21.4 -20.1 810 0.91 47 - - 981.4 324442

5(363) 1998 -164 -11.7 70.8 1.02 6.6 658 093 938.6 144428
1999 -164 -11.8 711 1.01 6.4 654 093 941.1 270427

2000 -184 -141 759 0.94 6.3 649 092 9437 158+13

6(1160) 1998 -201 -82 67.1 0.77 6.6 - - 851.7 207423
1999 -201 -84 689 0.80 6.8 - - 854.0 333138

2000 -21.6 -10.1 75.8 0.78 6.5 673 0.88 855.6 311+36
8(2399) 1998 -383 -148 639 0.23 54 344 089 7156 90+7
1999 -37.7 -143 640 0.25 5.2 314 090 7175 6245

2000 -37.7 -143 649 0.26 49 309 090 7188 28+7
9(2892) 1998 -46.1 -18.8 585 0.13 4.6 585 089 6723 91+8
1999 -453 -181 595 0.14 4.7 549 087 674.0 8417

2000 -47.0 -20.1 621 0.12 41 588 088 6753 60+8

N (40) 1997 -15.7 -14.6 - - 9.3 102.8 0.66 986.4 -
1998 -158 -14.5 - - 9.5 99.0 0.68 9827 -

1999 -16.1 -15.0 - - 9.5 1028 0.67 9853 -

2000 -17.8 -17.0 - - 8.4 109.0 0.60 988.6 -

H (39) 1997 -21.2  -204 - - 5.7 - - 989.5 -
1998 -196 -18.4 - - 6.1 - - 984.3 -

1999 -19.1 -181 - - 6.6 - - 986.3 -

2000 -20.7 -20.0 - - 5.4 - - 990.0 -

Notes: Averages are based on hourly (AWS 1 to 3), two-hourly (AWS 4 to 9), three-hourly (Neumayer)
and monthly means (Halley). To obtain averages over a complete year, missing days in January 1997
(AWS 2) and January 1998 (AWS 5, 6 and 8) are replaced with corresponding days of January 1998 and
1999, respectively. The accumulation values are based on sensor height measurements and measured
density (Table 1.1). Between brackets, the elevation of the stations in m a.s.l., dashes indicate that no
means could be calculated due to lack of data. T', temperature; §, potential temperature; RH, relative
humidity; ¢, specific humidity; W S, wind speed; W D, wind direction; dc, directional constancy; P, air
pressure; acc., accumulation; N, Neumayer; H, Halley.

The surface albedo a (o = S 1 /S |) is higher than 0.80 at all stations. The albedo
of Antarctic snow is estimated to range between 0.8 and 0.9 (King and Turner, 1997).
At AWS 4 the annual mean surface albedo is highest, which is probably due to the
frequent occurrence of fresh snowfall. The processes influencing the surface albedo
of snow were discussed in more detail in Chapter 2.
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Table 4.2. Annual average radiative fluxes and 10 m firn temperatures.

AWS yr Sl ST Ll Lt R o To T1om
(Wm=2)  (Wm=?)  (Wm~?) (Wm~?) (Wm~?) ORI
1(1420) 1997 132.6 - - - - - - -25.5
1998 142.4 - - - - - - -25.8
1999 132.0 - - - - - - -25.9
2000 132.8 - - - - - - -25.9
2(2400) 1997 156.5 - - - - - - -
1998 160.9 - - - - - - -
1999 148.4 - - - - - - -
2000 147.6 - - - - - - -
4(34) 1998 120.9 -104.5 218.4 -238.4 -3.6 086 -186 -19.0
1999 116.6 -103.0 220.5 -238.4 -4.3 088 -185 -19.0
2000 118.6 -104.5 2114 -230.8 -5.3 088 -206 -19.1
5(363) 1998 122.3 -104.2 203.9 -241.1 -19.1 085 -17.8 -174
1999 119.8 -102.8 206.5 -241.9 -18.4 086 -176 -175
2000 125.3 -105.6 194.9 -234.1 -19.5 084 -197 -17.7
6 (1160) 1998 131.5 -110.1 178.7 -225.0 -24.9 084 -222 223
1999 130.0 -109.6 180.9 -225.9 -24.6 084 -219 -229
2000 127.9 -108.6 175.4 -220.2 -25.5 085 -235 -22.7
8(2399) 1998 - -116.8 - - - - - -38.5
1999 129.8 -107.9 - - - 0.83 - -38.6
2000 129.4 - - - - - - -38.8
9(2892) 1998 148.2 -126.8 - - - 0.86 - -45.0
1999 143.1 -124.8 - - - 0.87 - -45.1
2000 148.7 -126.3 - - - 0.85 - -45.2
N (40) 1997 117.0 -105.5 223.0 -249.7 -15.2 090 -155 -
1998 126.4 -106.4 219.9 -247.2 -7.3 0.84 -16.2 -
1999 123.0 -104.3 219.8 -245.7 <72 085 -16.6 -

Notes: Averages are based on hourly (AWS 1 and 2), two-hourly (AWS 4 to 9) and daily means (Neu-
mayer) and defined positive when directed towards the surface. To obtain averages over a complete
year, missing days in January 1997 (AWS 2) and January 1998 (AWS 5, 6 and 8) are replaced with cor-
responding days of January 1998 and 1999, respectively. Between brackets, the elevation of the stations
in m a.s.1., dashes indicate that no means could be calculated due to lack of data. S |, incoming short-
wave radiation; S 1, reflected shortwave radiation; L |, incoming longwave radiation; L 1, outgoing
longwave radiation; R, net radiation; «, albedo; Tp, surface temperature; 1% ., 10 m firn temperature;
N, Neumayer.

The amount of longwave radiation received by the surface (L |) is a function of
temperature, humidity and cloud amount. Table 4.1 shows that these variables de-
crease predominantly with increasing elevation and therefore L | decreases as well
with increasing elevation. The outgoing longwave radiation (L 1) is mainly deter-
mined by the surface temperature 7 and shows a maximum at AWS 5 were also
the air temperature is highest. This results in a net longwave radiative flux (L) that
is negative (away from the surface) and most negative at AWS 6 (Figure 4.3b). Due
to the low temperatures (below ~-45°C) the measured longwave radiative fluxes in
winter are questionable at AWS 8 and 9, as are the resulting annual averages. The
annual averages are therefore not presented in Table 4.2. The annual mean radia-
tive balance (R = S + L, S is net shortwave radiation) is mainly determined by L
and negative at all stations. Table 4.2 and Figure 4.3 also present the radiative fluxes
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Figure 4.3. Annual mean (a) incoming shortwave radiation and (b) longwave radiation as a function
of surface elevation. The numbers denote AWS sites, N is Neumayer. The values of longwave radiation
measured at AWS 8 and 9 are questionable as explained in the text.

measured at Neumayer for 1997-99. Neumayer is situated on an ice shelf and the
fluxes are of the same order of magnitude as at AWS 4. At both stations the resulting
annual mean radiative balance is negative and on the order of -4 Wm~2 at AWS 4
and -7 Wm~? at Neumayer.

Wind speed and direction The negative radiative balance is almost completely
balanced by a positive (toward the surface) sensible heat flux, which results in a
cooling of the near surface air, forcing a katabatic flow over sloping surfaces. An-
nual mean wind speeds at the AWS sites vary between ~3.5ms ! at AWS 3 on the
plateau, ~4.5 ms™! near the coast (AWS 4) and on the plateau at AWS 8 and 9, and
~7 ms~! at the other stations (Table 4.1). The intensity of the katabatic flow is to a
first approximation proportional to the steepness of the underlying surface (Parish
and Bromwich, 1987, 1991). This results in wind speeds that are highest at the sta-
tions located close to or on the steep slope toward the Antarctic plateau. Figure 4.4
presents the annual mean wind speed in order of increasing slope. The wind speed
at AWS 4 and other stations on flat ice shelves as Halley and Neumayer, is mainly
determined by the large-scale geostrophic flow. Hence the higher wind speed and
the larger variability in wind speed at coastal stations compared to plateau stations,
which are also stations with small surface slopes but located farther from the coast
and therefore less influenced by the large-scale geostrophic flow. In spite of the high
surface slope at AWS 1 and 2, the annual mean wind speed is lower than at AWS 5
and 6, which is mainly due to freezing of the sensors in winter, causing an under-
estimation of the wind speed. The averages are based on 60 to 85% of the data
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Figure 4.4. Annual mean wind speed for the AWS against slope (Table 1.1). The numbers denote the
AWS sites; N, Neumayer; H, Halley; R, Relay station; CA, Clean Air station South Pole.

compared to 90 to 100 % for AWS 4 to 9. It could also be due to two-dimensional pat-
terns in the terrain inducing confluence and divergence of the katabatic flow, which
results in relatively high and low wind speeds (Parish and Bromwich, 1991), and
an over-estimation of the surface slope at AWS 1 and 2. The uncertainty in the cal-
culated slope is considerable at the stations on or near the steep slope towards the
plateau (Table 1.1), due to the 10 by 10 km resolution of the digital elevation model
used. Inter-annual variability in the measuring period is on the order of 1 ms~! or
less, which is comparable to Neumayer and Halley.

Due to the location of the stations south of the circum-polar pressure trough, the
mean synoptic pressure gradient forces an easterly flow. The direction of the kata-
batic flow is mainly south-east at AWS 1 and 2 and more easterly at the other AWS
due to the orientation of the predominant surface slope. This results in a generally
easterly and very constant wind direction at almost all stations. Unfortunately, the
wind direction sensor at AWS 4 has not worked properly, resulting in a lack of wind
direction data for this station. However, from Neumayer data (Table 4.1) it is ex-
pected that the wind direction at AWS 4 is more variable than at the other weather
stations due to its location on the ice shelf close to the coast.

The directional constancy, dc, is the ratio of the vector mean wind speed to the
scalar mean. A high dc implies that the wind prefers a particular direction. All
stations show high dc’s, ~0.70 at AWS 1, ~0.8 at AWS 2 and 3, and ~0.90 at AWS 5
to 9. The lower dc’s at AWS 1 and 2 are due to the larger difference in wind direction
between the large-scale flow and the katabatic flow. Figure 4.5 shows histograms of
the wind direction at AWS 1, 2, 5 and 9. At AWS 5 and 9 one maximum around 60°
is visible, whereas at AWS 1 two marked tops can be seen. The first is a broad peak
around 30° with two minor peaks around 20 and 40°, the general direction of the
large-scale flow. The second is a sharp peak around 120°, around the direction of
the surface slope, and represents the katabatic flow. At AWS 2, the top around 30° is



64 Chapter 4. Meteorological conditions in Dronning Maud Land

1600 T 2500 prrrre e NN - .
1400 ] E v AWS 27
1200 | ] 2000 b 1

21000 | e T ]

% oy E %1500; ]
&) EIlI 10 r 1
600 [ 1 1000 ]

400 s00f g ‘ ]

200 [ | ‘ ]

0 ok ‘ J

1200 [ 11000 L B o o o e T ]

; ] i v AWS 9

1000 F ] 800 } ]

o 800 le

2 600 13 o

© B 1° 400t

400 f
200 200
ok ]
0 60 120 180 240 300 360 60 120 180 240 300 360

Wind direction (°) Wind direction (°)

Figure 4.5. Wind direction distribution at AWS 1, 2, 5 and 9 over the entire measuring period based
on hourly (AWS 1 and 2) and two-hourly (AWS 5 and 9) averages. The arrows indicate the direction
of the surface slope based on a 10 by 10 km digital elevation model (data courtesy of ]. Bamber, Bristol
University).

much smaller than at AWS 1 while the maximum at 150° is much more pronounced
and shows a larger influence of the katabatic flow at this site compared to AWS 1,
although they are only ~30 km apart. The difference in direction of the katabatic
peak is due to a difference in direction of the surface slope (arrows in Figure 4.5).
The other stations show a single maximum similar to AWS 5 and 9. AWS 8 and
9 have very high dc¢’s compared to other stations on the Antarctic plateau. AWS 3,
Dome C, Vostok and South Pole have lower d¢’s, 0.80, 0.60, 0.81 and 0.79, respectively
(King and Turner, 1997). This is caused by the larger surface slopes at AWS 8 and
9 compared to these stations (Table 1.1). At Relay station the surface slope is of the
same magnitude as at AWS 8 as is the dc.

Temperature In general, the annual mean air temperature decreases with eleva-
tion. However, the temperature differences between the lower stations (AWS 1, 4, 5
and 6) are small or even reversed from what is expected from their elevation dif-
ferences and a lapse rate of 0.006 - 0.008 Km~'. For example, the annual mean
temperature at AWS 5 is ~3 °C higher than at AWS 4, while it is located ~300 m
higher and ~100 km more southward. This temperature reversal was also found by
Jonsson (1995), Van den Broeke et al. (1999) and Bintanja (2001). The potential tem-
perature () is actually increasing with elevation and has a maximum at the stations
on the slope towards the plateau where also the wind speeds are highest. This is

illustrated in Figure 4.6a, which presents 6 at the AWS sites in order of increasing
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Figure 4.6. Annual mean (a) potential temperature and (b) temperature difference (T - T1om ) between
the atmosphere (T') and 10 m firn (Tiom) for the AWS against slope (Table 1.1). The numbers denote
the AWS sites: N, Neumayer; H, Halley; CA, Clean Air station South Pole.

surface slope. The increase in § when going from the Antarctic plateau towards the
coast is also found in the data presented by Allison et al. (1993) and Wendler et al.
(1993, 1997). They present temperature and pressure measurements along two tran-
sects, from Dome C towards Dumont d’Urville and from Dome C towards Casey.
Due to the proximity of the steep slope to the coast in Wilkes Land , no maximum is
observed but an increase in § towards the coast.

The maximum in § in DML and the increase in 6§ in other regions of East Antarc-
tica, can be attributed to the katabatic wind. Strong katabatic winds enhance vertical
mixing and reduce the strength of the surface temperature inversion (Wendler et al.,
1993, 1997). This results in large sensible heat fluxes warming the surface, relatively
high surface temperatures, and high potential temperatures (Ohata, 1985; Van den
Broeke et al., 1999). The high surface temperatures also intensify the outgoing long-
wave radiation so that the net longwave and net radiative flux become more neg-
ative. This phenomenon explains the small differences in air temperature between
the lower stations (AWS 1, 4, 5 and 6) where not only the elevation increases with
increasing distance from the coast but also the surface slope (Figure 4.2). It also ex-
plains the strong relation between the annual mean wind speed and the 6 at locations
with non-zero surface slopes.

The inter-annual temperature variability between the measured years is small,
1997 was ~1°C warmer than the following two years, 2000 was ~1°C colder than
the previous two years. The differences between 1998 and 1999 are marginal. At
Halley and Neumayer the variability in this period was similar. Over longer periods,
the annual temperature is more variable, at Halley the annual mean temperature
over the last 40 years varies between -21 and -16.5 °C.

At all stations, except AWS 2, snow temperatures are measured. The snow tem-
perature at ~10 m depth is often used as a measure for the long term annual mean
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Table 4.3. Accumulation averages presented in the literature.

Site Latitude Longitude Period acc. (mmw.e.yr—1)
lit. AWS

(1) Site A 71°54.0'S 3°05.0'E 1965-97 135+10 127455
(2) Site C 72°15.1'S 2°53.5'E 1965-97 123+9 82+47
(3) Site M 75°00.0'S 15°00.1'E 1965-97 45+4 33424
4)C 72°45.7'S 14°354'W 1976-89 415 382+65
5)D 73°27.4'S 12°33.5'W 1974-89 343 191+69
6H 74°21.1'S 11°43.3'W 1973-89 318 284+67
8 cv 76°00.0'S 8°03.0W 1965-97 68 60+31
(9) DMLO05 75°00.2’S 0°00.4E 1801-97 62121 78%16

Notes: Between brackets, the AWS closest to the location of the firn core or
snow pit. acc., accumulation; lit., from the literature and derived from snow pit
and shallow firn core measurements; AWS, measured by the weather stations,
uncertainty is the standard deviation in the annual mean.

References: Sites A, C, M, Isaksson et al. (1999); Van den Broeke et al. (1999); C, D,
H, Isaksson and Karlén (1994); CV, Karlof et al. (2000); DMLO05, Oerter et al. (2000).

surface temperature. At this depth the amplitude of the annual temperature wave is
less than 5% of the surface value (Patterson, 1994). Table 4.2 presents the firn tem-
perature at a depth close to 10 m (To,,,). At AWS 1 the initial dept was ~13 m, at
the other stations ~10 m. Due to accumulation the depth of the sensors increases.
T1om is lower than the annual mean air temperature 7" and shows the same features,
a decreases with elevation and relatively high values close to or on the steep slope
towards the Antarctic plateau. At all sites, Ty, decreases ~0.1°C per year. The
difference in T and T, shows that the year 2000 was cold with respect to the long
term annual mean and is largest at AWS 3. At the other sites the temperature differ-
ence displays a dependency on the surface slope (Figure 4.6b). The higher the sur-
face slope the larger the difference, 7' ¢, being lower than the air temperature. This
is contrary to what is expected. A larger difference suggests a larger near surface
temperature inversion while at the sites with a large surface slope this temperature
inversion is partly destroyed by the high wind speeds. The surface temperature (7})
is calculated from the outgoing longwave radiation assuming the snow to be a black
body radiator with an emissivity of 1. At all AWS, T and T, are of the same or-
der of magnitude. However, the uncertainty in the longwave radiative fluxes (see
Chapter 1) results in an uncertainty in the calculated surface temperatures of ~5 °C.

Accumulation The AWS measure the changes in instrument height, which is a
measure for accumulation and includes processes such as snowfall, snowdrift, sub-
limation, deposition and densification of the snow pack. It is difficult to assess
how much and when the accumulation is snowfall or snowdrift, since accumula-
tion mostly occurs at strong winds. Table 4.1 presents annual mean accumulation
values based on instrument height changes and mean snow densities as presented
in Table 1.1. The given uncertainty is based on the uncertainty in the determined
snow accumulation and firn density. Table 4.1 shows the expected decrease of the
accumulation with altitude and distance from the coast, although the accumulation
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Figure 4.7. Daily averaged surface air pressure measured at AWS 4 (right axis), AWS 2 and AWS 9
(left axis). The thick lines represent smoothed curves.

is higher at AWS 6 than at AWS 5. This is not seen in ice core and snow pit studies
(Table 4.3). Although located at approximately the same elevation, the accumulation
at AWS 2 is higher than at AWS 8. This difference is due to the location of AWS
2 closer to the coast and on the slope towards the plateau, while AWS 8 is located
further away from the coast and on the Antarctic plateau. Table 4.1 shows a large
variability in the annual net accumulation. The accumulation exhibits no trend.

Table 4.3 presents accumulation values from the literature based on firn core and
snow pit measurements in DML, close to or at the AWS locations. The AWS derived
accumulation values are in reasonable agreement with the mean values derived from
firn core and snow pit studies. Differences are explained by spatial variability in
accumulation and differences in measuring period. At all AWS, except AWS 9, the
average AWS measured accumulation is lower than the measurements presented in
the literature but the year to year variability is considerable.

4.3.3 Seasonal cycle

As the inter-annual variations, the seasonal variations and the differences in seasonal
variations between the stations depend on their geographical locations. In the fig-
ures, AWS 4 represents the coastal area and ice shelves, AWS 2 escarpment region,
and AWS 9 the stations on the Antarctic plateau.

Pressure The pressure signal is variable on time scales of days to months. Fig-
ure 4.7 presents daily mean values of air pressure for AWS 4, 2 and 9, for January
1997 until December 2000. The other AWS show similar records. The variations on
a daily scale are mainly due to meso-scale pressure systems (Parish, 1982; Jonsson,
1995). The more pronounced variations are seen in the records of all stations plus
surrounding stations, such as Clean air (South Pole) and Relay station, almost simul-
taneously. This results in high correlations of the pressure signals. The correlations
are highest when the stations are located reasonably close to each other.
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Variations on larger time scales are due to phenomena like the (semi-)annual os-
cillation (SAO) in the pressure signal (Van Loon, 1972). The SAO consists of a twice-
yearly expansion and contraction of the circumsolar pressure trough. In conjunction
with the pressure changes, the circulation pattern around Antarctica changes, alter-
ing the transport strength of air from lower latitudes to Antarctica and influencing
the Antarctic surface temperature (Van den Broeke, 2000a). Figure 4.8 presents two
examples of SAO in the AWS data. The percentage of the variance in the signal ex-
plained by the (semi-)annual oscillation are calculated using Fourier analysis. The
influence of the semi-annual signal increases from ~25 % variance explained by the
second harmonic at AWS 1 and 2, ~30% at AWS 4 to 8, to ~40% at AWS 3 and 9.
These values are lower than the percentages presented by Van den Broeke (1998) for
Sanae and Novolazarevskaya, 43 % and 42 %, respectively, over the period 1980-96.
Differences can be explained by the different locations of the stations with respect to
the average location of the circumsolar pressure trough and the different time peri-
ods used.

Longwave incoming
radiation (Wm2)
(01/1) 1405 pno)

Figure 4.9. Two-hourly mean longwave incoming radiation (L |) measured at AWS 6 in January 1998
(left axis, solid line). The dots are the sum of the observed low and middle high cloud cover (cc).
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Radiation Although the annual average radiative balance R is determined by L
and is negative, R is positive in summer when S dominates R. The annual varia-
tion in longwave radiation mainly follows the annual temperature wave. The short
term variability on this curve is mainly determined by the sum of clouds at low and
middle levels. Figure 4.9 presents the longwave incoming radiation at AWS 6 for a 3-
week period in January 1998 during which cloud observations were made as part of
the detailed glaciological and meteorological experiment in this area (Bintanja et al.,
1998; Bintanja and Reijmer, 2001). This figure shows the strong relation between L |
and cloud cover.

Wind speed and direction Because the katabatic flow is mainly forced by a nega-
tive net radiative flux which is balanced by a positive sensible heat flux cooling the
near surface air, the wind speed and wind direction show an annual cycle related to
the annual cycle in R. The annual cycle in the wind speed is largest for the stations
with the highest surface slope. Figure 4.10 presents the daily averaged wind speed
at AWS 1 and 9, the stations with respectively the largest and smallest amplitude in
the annual wind speed curve. The amplitude is also small at AWS 3, 4 and 8. AWS
4 is located close to the coast and mainly influenced by large-scale weather condi-
tions, while at AWS 3, 8 and 9 the surface slope is small so that the katabatic flow is
not always well developed. AWS 3, 8 and 9 are only marginally influenced by the
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Figure 4.11. Wind direction distribution at AWS 1 over (a) all summer months (December, January,
February) and (b) all winter months (June, July, August) based on hourly averages. The arrow indicates
the direction of the surface slope based on a 10 by 10 km digital elevation model (data courtesy of |.
Bamber, Bristol University). (c) Time series of daily mean directional constancy at AWS 1. Gaps in the
data set are due to freezing of the wind sensors.

large-scale flow as seen in the high d¢’s measured at these stations (Table 4.1). Fig-
ure 4.10 shows that the wind speed is very variable and can be very high. Maximum
(two-)hourly mean wind speeds can reach 25 to 30 ms~! and at AWS 1 a maximum
6 minute wind speed of 47 ms~! was measured. The observed strong increases in
wind speeds are often accompanied by a decrease in air pressure, a turning of the
wind to more northerly directions by the geostrophic forcing, a strong increase in
temperature and humidity, and sometimes snowfall (see Chapter 6), and are caused
by passing low pressure systems.

The annual variability in wind direction is presented for AWS 1 in Figures 4.11a
and b as wind direction distributions over all summer months and all winter months,
respectively. In winter the peak around 120°, associated with the katabatic wind is
much more pronounced than in summer. The wind direction not only has a more
northern component in summer, but is also more variable. Figure 4.11c shows the
daily mean directional constancy, which is smaller in summer than in winter.

Temperature and humidity The air temperature in DML is very variable, espe-
cially in winter when the meridional and vertical temperature gradients are largest.
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Figure 4.12. Daily mean (a) temperature and (b) specific humidity at AWS 4 (solid line) and 9 (dotted
line). Thick lines are smoothed curves.

Variations of 20 to 30 °C within a few days are not uncommon and often measured
at several stations almost simultaneously (Figure 4.12). These large changes in tem-
perature often coincide with changes in wind speed and direction, and are due to
passing low pressure systems advecting relative warm and moist maritime air to the
south. The continental air advected under katabatic flow conditions is cold and dry.
The lowest stations (AWS 4, 5 and 6) occasionally experience temperatures above
0°C in summer, resulting in some melt. The lowest temperature measured is -78°C
at AWS 3.

The specific humidity is extremely low over Antarctica due to the low moisture
holding capacity of the cold air. The relative humidity is on average low due to the
mainly descending air over the continent. The decrease in temperature with increase
in elevation and distance from the coast results in a decrease in specific humidity.
The short term variability in humidity is large and shows a strong correlation with
temperature (Figure 4.12b).

Accumulation The precipitation in coastal areas of Antarctica is often orographic
induced (Bromwich, 1988). Most of the precipitation in western DML is associated
with the development of an amplified wave pattern in the upper troposphere with a
low pressure area over the Weddell Sea region and a high-pressure ridge over eastern
DML (Noone et al., 1999). This amplified wave pattern enhances northerly advection
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Figure 4.13. Daily averaged changes in sensor height (in m of snow). At the first measuring day the
change is 0 m.

over the shelf area and in combination with the steep orography of DML the air is
forced to rise and snowfall is generated. The development of this type of flow pattern
occurs only a few times per year. The result is an accumulation pattern that consists
of a few major events seemingly randomly distributed over the year. Figure 4.13
presents daily averaged changes in sensor height. The sudden jumps in the records
are the major accumulation events, which occur 4 to 5 times per year and often bring
snow over large areas. The events contribute ~80 % of the total accumulation. The
largest events produce accumulation at all weather stations. The number of major
events and the amount of precipitation per event decrease with distance from the
coast and elevation as can be seen in Figure 4.13.

Locally, not all precipitation results in a net accumulation. For example, in Febru-
ary 1999 ~0.3 m snow accumulated at AWS 2 in one event, but almost everything
was blown away at the end of March 1999, resulting in an almost zero net accumula-
tion in 1999. Figure 4.13 also shows the occurrence of densification and sublimation
of the snow pack after a major event. See for example the increase in sensor height at
AWS 6 after the event in February 1999. The increase in sensor height over periods
of months as seen for AWS 6 and also at AWS 2, is mainly due to settling of the snow
pack and a little sublimation. It also shows an increase in settling and sublimation
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during the summer months.

Due to the nature of the accumulation events, three or four years of accumulation
measurements is not sufficient to determine seasonality in the accumulation. GCM
results show that at least 5 to 10 years accumulation are necessary to obtain a sig-
nificant annual cycle in the accumulation. The fact that most of the accumulation
occurs in a few major events per year, not confined to a particular season has serious
implications for the analysis of for example the 630 in ice cores (Schlosser, 1999).
The absence of net accumulation in a certain year as observed at AWS 1 in 2000, and
2in 1999, hampers the interpretation even more.

4.3.4 Daily cycle

The AWS in DML are all located south of the Antarctic polar circle, which means
that the sun is below the horizon several months per year. The lack of a diurnal
varying forcing in winter results in an absence of a diurnal cycle in the meteorologi-
cal parameters in this time of the year. In the summer months the diurnal variations
in mainly incoming solar radiation S | and albedo a cause a diurnal varying pos-
itive (towards the surface) net shortwave radiative flux, which forces variations in
other meteorological parameters. Figure 4.14 presents the diurnal cycle in S |, «,
temperature, relative humidity, specific humidity, wind speed, wind direction and
directional constancy at AWS 2, 4 and 9 averaged over all months of January.

Figures 4.14a and b present the diurnal variations in S | and a. The amplitude
of the diurnal variations in S | is largest for the most northern stations (compare
AWS 2 and 9). Cloud amount decreases with increasing distance from the coast and
therefore S | is lower closer to the coast (compare AWS 4 and AWS 9). The albedo
exhibits a minimum at the lowest solar zenith angles, i.e., around solar noon. The
diurnal cycle in temperature is most pronounced at AWS 9 on the plateau. Near the
coast, the oceans are ice free in January and have a moderating effect on the temper-
ature at AWS 4. Furthermore, the heat conductivity and capacity of snow decreases
for drier and lower density (inland) snow resulting in an amplification of the ex-
tremes at more inland locations. At AWS 2 the mean wind speed is highest. At this
location (and other slope locations), the stronger mixing does not allow for the diur-
nal buildup of the boundary layer to the same extent as in flatter areas resulting in a
smaller temperature amplitude at the slope stations. Although the specific humidity
shows a maximum in the afternoon, the relative humidity exhibits a minimum dur-
ing day-time owing to the variations in temperature, varying the maximum possible
amount of moisture in the air.

The net radiation warms the surface and (partly) destroys the surface temper-
ature inversion. A decrease in strength of the temperature inversion results in an
increased vertical transport of horizontal impuls. In areas where the katabatic winds
are weakly developed (non-sloping areas), this results in an increase in wind speed
in day-time while in areas where the katabatic wind is well developed (sloping areas
with a maximum wind speed close to the surface) the wind speed decreases. Fig-
ure 4.14d shows both regimes. At AWS 4 and 9 the wind speed increases during
day as seen at Dome C by Wendler and Kodama (1984), while at AWS 2 the wind
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Figure 4.14. Average diurnal variations of (a) shortwave incoming radiation, (b) albedo, (c) air temper-
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constancy in January over the three or four-year measuring period at AWS 4, 2 and 9.

speed decreases, as seen at D-47, a station on the slope of the continent in Wilkes
Land (Figure 4.1) (Wendler et al., 1988). The time lag between the minimum in wind
speed and the maximum in temperature is ~4 hours (Wendler et al., 1988), the time
the katabatic wind needs to adjust to changes in the forcing. The decrease in inver-
sion strength also affects the wind direction and the directional constancy. Due to
the weakened katabatic forcing, the variability in wind direction increases and the
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directional constancy decreases. The wind direction turns anti-clockwise to more
northerly and easterly directions, the direction of the large-scale geostrophic flow.
Figure 4.14g also shows that the difference in wind direction between the large-scale
flow and the katabatic flow is larger at AWS 2 than at AWS 9.

4.4 Summary and concluding remarks

The data of eight Automatic Weather Stations located in Dronning Maud Land,
Antarctica, are presented. The stations have provided us with a fairly complete three
to four-year data set. DML is divided into three regions similar to the regions defined
by Fortuin and Oerlemans (1990); the ice shelves, the escarpment region and the
Antarctic plateau. The regions are distinguished by their climatic and topographic
settings, which results in typical characteristics with respect to mean values, and
annual and diurnal cycles of the meteorological variables.

Near the coast, on the ice shelves the surface is flat, resulting in a weak katabatic
flow, and conditions are mainly determined by the large-scale geostrophic flow. The
wind direction is variable, and directional constancies reasonably low (~0.60) com-
pared to other Antarctic locations. The wind speed does not show an annual cycle,
and shows a maximum during day-time in the diurnal cycle, which is typical for
stations not affected by a strong katabatic flow. At AWS 4 annual mean temperature
is ~-20°C and annual mean wind speed is ~4.5 ms™!.

In the escarpment region and on the Antarctic plateau the data show the im-
portant influence of the katabatic wind on the meteorological conditions. The wind
speed shows a maximum on the slope towards the plateau where the katabatic forc-
ing is largest. Annual mean wind speed ranges from ~3.5 ms~! at AWS 3 on the
plateau to ~7 ms~! on the slope (AWS 1, 2, 5 and 6). The strong katabatic winds en-
hance vertical mixing and reduce the strength of the surface temperature inversion
(Wendler et al., 1993). This results in large sensible heat fluxes warming the surface,
visible in a maximum in potential temperature at the locations with the highest wind
speed. The annual mean potential temperature varies between -18 °C on the plateau
and -1°C on the slope at AWS 2. At the slope stations a clear annual cycle in the
wind speed is observed, higher wind speed in winter compared to summer, owing
to the stronger cooling. In summer, diurnal variations in katabatic forcing result in
diurnal variations in wind speed. The wind direction is constant and mainly deter-
mined by the down slope katabatic wind. The directional constancy varies between
0.67 at AWS 1 to 0.93 at AWS 5. The accumulation is highest near the coast and de-
creases with increasing distance from the coast, from ~400 mm w.e.yr ! at AWS 4 to
~30 mmw.e.yr—! at AWS 3.






Chapter 5

The temporal and spatial
variability of the surface energy
balance in Dronning Maud
Land, East Antarctica

Summary

The data of seven Automatic Weather Stations (AWS) presented in the previous
chapter are used together with a model based on Monin-Obukhov similarity the-
ory, to calculate the surface energy budget for a two and three-year period. The
surface conditions are determined largely by a katabatic flow resulting in a maxi-
mum in potential temperature and wind speed at the sites with the steepest slope.
The annual average energy gain at the surface from the downward sensible heat flux
varies between ~3 Wm~™2 and 25 W m~—2, with the highest values at the sites with
the highest wind speeds and potential temperatures. The negative net radiative flux
largely balances the sensible heat flux and ranges from ~2 Wm™? to ~28 Wm™?;
maxima are related to the maxima in surface slope and wind speed and suggest a
strong connection between the heat budget and the katabatic flow in DML. The av-
erage latent heat flux is generally small and negative (~-1 W m~?) indicating mass
loss through sublimation.

1This chapter is based on: Reijmer, C.H. and ]J. Oerlemans, 2000. Temporal and spatial variability of
the surface energy balance in Dronning Maud Land, East Antarctica. J. Geophys. Res.. Submitted.
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5.1 Introduction

Surprisingly little is known about the spatial and temporal distribution of the sur-
face energy budget over Antarctica, although much effort has been put into Antarctic
meteorological and glaciological research in recent years. This constitutes a signifi-
cant gap in our understanding of the Antarctic climate. The surface energy balance
consists of five main components and can be expressed as:

S+L+H+LE+G=0, (5.1)

in which S and L are the net shortwave and net longwave radiative flux, respec-
tively. H and LE are the turbulent fluxes of sensible and latent heat, respectively,
and G is the subsurface energy flux including melt. The surface energy budget is
of great importance for the near surface climate and mass balance through, e.g., the
katabatic flow, which is forced when net radiation at the surface is negative and the
near surface air is cooled, and surface sublimation. In the literature presented en-
ergy budgets are usually limited to single stations (Carroll, 1982; King et al., 1996;
Reijmer et al., 1999a), measuring periods are usually limited to the summer months
(Ohata, 1985; Bintanja, 2000) and often not all budget terms are calculated (Stearns
and Weidner, 1993). In this chapter we present the complete energy balance for sev-
eral locations in Antarctica and over a period of several years.

At present, the Institute for Marine and Atmospheric Research Utrecht (IMAU)
operates nine Automatic Weather Stations (AWS) in Dronning Maud Land (DML),
Antarctica (Figure 5.1) with the main objective to extend our knowledge of the near
surface climate and heat budget of Antarctica. Data from the AWS is presented in
the previous chapter and gives us insight into the meteorological conditions in DML
over a period of several years following up on the studies of Jonsson (1995), Kénig-
Langlo et al. (1998) and Bintanja and Reijmer (2001). The data could also be used to
validate climate and weather prediction models currently used to study the Antarctic
climate (Genthon and Braun, 1995; King and Connolley, 1997; Krinner et al., 1997b;
Van Lipzig et al., 1999).

The weather stations are a contribution to the European Project for Ice Coring in
Antarctica (EPICA). The broad objective of EPICA is to reconstruct the Antarctic cli-
mate record with high resolution. To achieve this objective, two deep ice cores will
be drilled, of which one lies in DML. The purpose of the AWS within this project
is to increase our knowledge about the mass balance in DML and to study the en-
ergy exchange between atmosphere and snow surface, and therefore help with the
interpretation of ice cores.

In this study we examine the spatial and temporal variability of the surface en-
ergy budget in DML. The surface energy budget is determined using measurements
and model calculations. Section 5.2 briefly describes the experimental set-up and
location of the weather stations. The experimental set-up is more extensively de-
scribed in Chapter 1. The experimental description is followed by a general descrip-
tion of the meteorological conditions in DML, which are more extensively described
in Chapter 4. Section 5.4 gives a brief description of the energy balance model and
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Figure 5.1. Map of Antarctica, showing the locations of the Automatic Weather Stations (AWS) and
other stations mentioned in this chapter. AWS 9 is located ~2 km west of the EPICA drilling site in
Dronning Maud Land (DML). Shaded areas are ice shelves (FRIS, Filchner Ronne Ice Shelf; RIS, Ross
Ice Shelf) and dotted lines indicate the transects presented in Figure 5.2.

a verification of the model. The results of the budget calculations are described in
Section 5.5 and discussed in Section 5.6.

5.2 Location and experimental set-up

The location and experimental set-up of the weather stations in DML is extensively
described in Chapter 1. In this section a brief summary of the important details is
given. Figure 5.1 shows the locations of the nine AWS in DML (see also Figure 1.4)
and other stations mentioned in this chapter (see Table 1.1 for more details). The
locations of the AWS were chosen such that they cover a substantial part of western
DML and represent different climate regimes. AWS 4 is located in the coastal area on
an ice shelf, AWS 5 on the lower part of the ice sheet near the grounding line, AWS 1,
2, 6 and 7 close to or on the steep slope towards the Antarctic plateau and AWS 3, 8
and 9 on the Antarctic plateau. Figure 5.2 shows two elevation transects along AWS
3,2 and 1 to the coast (transect 1) and along AWS 8, 6, 5 and 4 to the coast (transect
2). AWS 9 is located between these two transects.

All stations measure air temperature, wind speed, wind direction, instrument
height, air pressure and incoming shortwave radiation (Figure 1.5). Except AWS 2,
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Figure 5.2. Elevation stransects along AWS 3, 2 and 1 to the coast (transect 1) and along AWS 8, 6, 5
and 4 to the coast (transect 2) (see Figure 4.1). Based on data of a 10 by 10 km digital elevation model
(data courtesy of ]. Bamber, Bristol University).

all stations additionally measure firn temperatures at eight (AWS 1 and 3) or ten
(AWS 4 to 9) different depths. AWS 4 to 9 additionally measure relative humidity,
reflected shortwave radiation and incoming and outgoing longwave radiation. The
initial height of the instruments was ~3 m above the surface (Table 1.1). The accuracy
of the sensors is discussed in Chapter 1. Hourly (AWS 1 to 3) or two-hourly (AWS 4
to 9) averages are stored locally and transmitted using Argos transmitters. Problems
with data transmission occasionally result in gaps in the data set. AWS 3, 8 and
9 stop transmitting in winter due to low temperatures. The results presented here
comprise a three-year data set for AWS 1 to 3 and a two-year data set for AWS 4 to 9.

5.3 Prevailing meteorological conditions

The meteorological conditions are more extensively described in Chapter 4. Here,
we give a short description. The climate in DML is mainly influenced by transient
cyclones travelling eastward along the coast. The influence of the cyclones decreases
towards the interior of DML, where the near surface climate is increasingly domi-
nated by the katabatic flow (Parish and Bromwich, 1991, 1998). The results of the en-
ergy balance calculations in the next sections are presented in terms of the geographi-
cal locations of the AWS. For the purpose of clarity, DML is divided into three regions
similar to the regions presented by Fortuin and Oerlemans (1990); the ice shelves,
the escarpment region and the Antarctic plateau. The regions are distinguished by
their climatic and topographic settings, which results in typical characteristics with
respect to mean values, long-term variations and diurnal cycle of the meteorolog-
ical variables. To illustrate the general near-surface conditions in DML, Figure 5.3
presents monthly mean air temperature, specific humidity, wind speed and daily
mean accumulation for AWS 4, 6 and 9. AWS 4 represents the ice shelves region,
AWS 6 the escarpment region and AWS 9 the plateau region. Table 5.1 presents an-
nual averages of temperature, wind speed and humidity for all stations.

The air temperature in DML is highly variable, especially in winter when the
north-south and vertical temperature gradients are largest. Fluctuations of 20 to
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Figure 5.3. Monthly mean (a) air temperature, (b) specific humidity and (c) wind speed, and (d) daily
mean instrument height changes of AWS 4, 6 and 9 for the period January 1998 until December 1999.

30°C within a few days are not uncommon and are often measured at several sta-
tions almost simultaneously (not shown). In summer, the lowest stations (AWS 4,
5 and 6) occasionally experience temperatures above 0 °C. The annual and monthly
mean temperature differences between the lowest stations (AWS 1, 4, 5 and 6) are
small or even reversed from what is expected from their elevation differences (Fig-
ure 5.3a, AWS 4 and 6). For example, the annual mean temperature at AWS 5is ~3 °C
higher than at AWS 4, while located ~300 m higher and ~100 km more southward.
This temperature reversal is attributed to the increase in katabatic wind speed with
increasing surface slope and was also found by Jonsson (1995) and Van den Broeke
et al. (1999). The measured inter-annual variability is small. The relative as well as
the specific humidity decreases with distance from the coast and increasing eleva-
tion (Figure 5.3b and Table 5.1). The specific humidity is extremely low, especially in
winter with values of 0.5 gkg ! near the coast to 0.05 gkg~* on the plateau. The
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Table 5.1. Annual averages of the meteorological data for the AWS.

AWS yr T 0 RH q wSs « acc.
(°C) (0 %)  (gkg™!)  (ms™!) (mmw.e.)
1 (1420) 1997 -21.5 -6.6 - - 6.8 - 21148
1998 -22.7 74 - - 6.1 - 130+8
1999 - - - - 6.2 - 133+8
2 (2400) 1997 -26.3 -1.5 - - 6.7 - 111421
1998 -27.9 -2.6 - - 6.3 - 88+15
1999 -27.6 2.1 - - 6.7 - 13+15
3 (3453) 1999 -47.8 -13.9 - - 3.9 - 39+16
4 (34) 1998 -19.2 -17.4 76.6 1.02 49 0.86 452461
1999 -19.3 -17.7 77.2 1.01 5.0 0.88 371451
5 (363) 1998 -16.4 -11.7 70.8 1.02 6.6 0.83 144428
1999 -16.4 -11.8 71.1 1.01 6.4 0.84 270427
6 (1160) 1998 -20.1 -8.2 67.1 0.77 6.6 0.81 207423
1999 -20.1 -8.4 68.9 0.80 6.8 0.83 333438
8 (2399) 1998 -38.3 -14.8 63.9 0.23 5.4 - 90+7
1999 -37.7 -14.3 64.0 0.25 5.2 0.80 62+5
9 (2892) 1998 -46.1 -18.8 58.5 0.13 4.6 0.83 91+8
1999 -45.3 -18.1 59.5 0.14 4.7 0.84 8447

Notes: Averages are based on hourly (AWS 1 to 3) or two-hourly means (AWS 4 to 9). To obtain
averages over a complete year, missing days in January 1997 (AWS 2) and January 1998 (AWS
5, 6 and 8) are replaced with corresponding days of January 1998 and 1999, respectively. The
accumulation values are based on sensor height measurements and measured density (Table 1.1).
Between brackets the elevation of the stations in m a.s.l, dashes indicate that no means could be
calculated due to lack of data. 7', temperature; 0, potential temperature; RH, relative humidity;
g, specific humidity; W .S, wind speed; «, albedo; acc., accumulation.

short-term variability in relative as well as specific humidity is large and shows a
strong correlation with temperature. At all stations except AWS 4 and 9, a clear an-
nual cycle in wind speed is observed (Figure 5.3¢c). The wind speed is higher in win-
ter due to the stronger katabatic forcing. Maximum (two-)hourly mean wind speeds
can reach 25 to 30 ms 1. Annual mean wind speeds vary between ~4 ms~! at AWS
3 on the plateau, ~5 near the coast (AWS 4) and near AWS 8 and 9, to ~7 ms~! at
the other stations. The wind speed at AWS 1 and 2 is probably under-estimated,
due to freezing of the sensors in winter. Accumulation is derived from sensor height
measurements and decreases with distance to the coast and increasing elevation.
Accumulation occurs mainly in a few major events per year contributing ~80% to
the total annual accumulation (Figure 5.3d). The annual variability is large, espe-
cially at the high accumulation sites close to the coast. If we assume mean den-
sities of 390 gkg~' at AWS 4 (data courtesy of L. Karlof, 1999) and 335 gkg~! at
AWS 9 (data courtesy of H. Oerter, 2000), then the annual accumulation amounts
to 452 + 80 mmw.e.yr ! near the coast (AWS 4) and 91 + 11 mmw.e.yr * on the
plateau (AWS 9) in 1998. This is a bit higher than the mean values derived from
shallow firn core studies. Isaksson and Karlén (1994) present an averaged value
of 415 mmw.e.yr=! (1976-89) near the coast near AWS 4, and Karlof et al. (2000)
and Oerter et al. (2000) present average values of 68 mmw.e.yr~! (1965-97) and
62 mmw.e.yr~—' (1801-97) for the Antarctic plateau near AWS 8 and 9, respectively.
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5.4 Model description and validation

The surface energy fluxes presented in Section 5.5 are partly based on measurements
and partly based on model calculations. The model we use to calculate the turbu-
lent fluxes and subsurface temperatures is extensively described in Chapter 3 and
by Greuell and Konzelman (1994) and Reijmer et al. (1999a). Here, we give a short
description.

Equation 5.1 presents the surface energy balance. Fluxes towards the surface are
taken positive. S can be expressed as (1 — «)S, where « is the surface albedo and
S, the global radiation at the surface. S, and « are derived from measurements
or, when measurements are not available, a is taken constant (AWS 1 and 2, a =
0.82). L equals the incoming minus the emitted longwave flux (L | —L 1). L | is
directly measured (AWS 4 to 9) or parameterised as a function of screen-level (2 m)
temperature (7, in K) (AWS 1, 2, and 8):

L| =27.17+3.3616 x 10737 . (5.2)

The parameterization is based on two-hourly mean measurements of L | and 7, at
AWS 6 and 9. T, is calculated from the measured temperatures using the flux-profile
relations presented in Chapter 3. No dependency on humidity or cloud cover could
be included because the stations do not measure these variables. Since L | is strongly
dependent on humidity and cloud cover (see Chapter 4), this introduces a significant
error in the calculated L |. Figure 5.4 illustrates the performance of equation 5.2 and
a parameterisation presented by King (1996) (see equation 3.4). Both parameterisa-
tions under-estimate the variability in L | due to the omission of humidity and cloud
cover in the parameterisations. Equation 5.2 explains ~34 % of the total variance, the
parameterisation of King (1996) ~19 %. The annual mean L | is under-estimated by
~8 % when using equation 5.2 and over-estimated by ~8 % when using King (1996)
(Equation 3.4). L 1 is calculated using the Stefan-Boltzmann law for black body radi-
ation, L 1= 0Ty, with surface temperature Ty, Stefan-Boltzmann constant o and an
emissivity of 1.

The surface temperature Ty is calculated using a firn model. In the firn model
the subsurface temperatures are calculated on a vertical grid extending 25 m into the
firn. This model includes shortwave radiation penetration, melting, refreezing and
densification of the snow pack. The surface temperature is a linear extrapolation of
the firn temperature of the upper two grid layers. The initial profiles of temperature
are based on snow temperature measurements and the initial profiles of density are
based on firn core measurements (data courtesy of M.R. van den Broeke, 1999, L.
Karlof, 1999 and H. Oerter, 2000).

The turbulent fluxes are calculated from the vertical gradients in wind speed,
temperature and specific humidity between sensor height and the surface using
Monin-Obukhov similarity theory. In unstable conditions the stability functions pre-
sented by Hogstrom (1988) are used, in stable conditions the functions presented by
Duynkerke (1991). The surface roughness length of momentum is assumed to be
0.1 mm (King and Turner, 1997) and emperically determined. The surface roughness
lengths of heat and moisture are calculated using the method described by Andreas



84 Chapter 5. The surface energy balance in Dronning Maud Land

w p T AWS6
£ r Equation 5.2
Ea 250 “ e King (1996)
S E [ L
e L L
%:200j q i f'_@ | Fi |‘ . o8 It -__ _ .-"'f i
e ‘"v vl "i' e M i ‘)u‘! A
E—c.‘; 150? V' ii' Y ! ‘\‘ \‘lw ‘l\l| ' {‘ ‘ "i J "
- E '
T R TE S W ‘1‘811‘uaD“ “l3Au 8O 3Dec
ate

Figure 5.4. Longwave incoming radiation measured at AWS 6 for 1998 (thin solid line), parameterised
using equation 5.2 (bold solid line) and parameterised using equation 4 of King (1996) (Equation 3.4)
(bold dashed line).

(1987). Ty is taken from the firn model. The specific humidity at the surface is the
ice-saturation value for T. The screen-level temperatures and specific humidities
are calculated from temperature and relative humidity measurements corrected for
changes in measurement height. For AWS 1 and 2 the relative humidity was not
measured and therefore taken constant (RH = 65 %, which is ~2 % lower than the
average RH measured at AWS 6 and 8, stations located at slightly lower elevation
than AWS 1 and 2). The subsurface energy flux is the residual of the other terms
and is subdivided into a conductive heat flux, a penetrating part of the shortwave
radiative flux, melting and refreezing.

The only measurements available to tune the model with, are L 1 and the sub-
surface temperatures. The model is fine-tuned using the extinction coefficients for
solar radiation to minimise the difference in simulated and measured L 1 (when
available), else by minimizing the temperature difference between simulated snow
temperatures and measurements of the highest snow sensor. This method can be
used for all sites except AWS 2. The resulting differences are presented in Table 5.2
and Figure 5.5. Figure 5.5a presents the simulated and measured L 1 and the differ-
ence between the two for January 1998 at AWS 4 after tuning. Other stations show
similar results. During the short peaked summer L 1 is slightly over-estimated and
in winter slightly under-estimated. On average, simulated L 1 is under-estimated,
which implies that the simulated T is also on average under-estimated by ~0.4 °C at
AWS 4,5 and 6, ~1.6°C at AWS 8 and ~3.8 °C at AWS 9 (Table 5.2). In winter, AWS
8 and 9 have problems with measuring L 1 due to the low temperatures (Chapter 1).
This could explain part of the larger differences between measured and simulated
L 1 at these sites. However, the differences found are smaller than the estimated un-
certainty of 20 W m~? in the longwave radiation measurements. The extreme values
are larger than 20 W m~2 and represent surface temperature differences up to 20 °C.

Figure 5.5b presents the measured and simulated snow temperature at initial
depth of 0.05 m and the temperature difference for AWS 4, after tuning. Note that
the depth of the snow temperature sensors slowly increased due to accumulation. In
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Figure 5.5. (1) Measured (solid line) and simulated (dotted line) outgoing longwave radiation and the
difference between the two (measured minus simulated) for January 1998 for AWS 4. (b) Measured
and simulated snow temperature at initial dept of 0.05 m and the difference between the two (measured
minus simulated) for AWS 4, for 1998 and 1999.

the first summer, when the sensor is still reasonably close to the surface, the snow
temperature is most variable and differences are largest and show large variations.
When snow depth increases the variability on time scales of days decreases and dif-
ferences in simulated and measured temperature diminish. The simulated tempera-
tures are too low in summer and too high in winter. The amplitude of the simulated
annual temperature cycle is too small, the average temperatures are too high and the
snow pack slowly warms at all stations.

AWS 6 is located at the same location as site 3 of Bintanja (2000). Bintanja (2000)
presents the energy balance over a period of 37 days in the austral summer of 1997-
98, which has an overlap of ~20 days with our measuring period. He uses direct
turbulence measurements with a sonic anemometer and a Lyman-a hydrometer to
validate the turbulent fluxes. The results of our model can be validated indepen-
dently by comparing the results of AWS 6 with results of his site 3 (Figure 5.6). The
figure shows that the temporal variations agree reasonably well. On average, R at
AWS 6 is lower than at site 3 at night, which is mainly due to an under-estimation of
S. The average difference in R is -9.4 Wm 2. The variability in H and LE shows a
reasonable agreement, but H is ~3.6 Wm™? and LE is ~4.1 Wm™? higher at AWS
6 compared to site 3, averaged over the 20 days period. The differences in H and
LE can partly be explained by the different methods used to determine the fluxes,
simulated using Monin-Obukhov similarity theory opposite of direct measurements
using a sonic-anemometer and a Lyman-a hydrometer.
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Table 5.2. Quantities related to the differences in simulated and measured L 1

and Tsnow.

Dmean Dmin Dmaz gdif f

Lt (Wm?)
AWS 4 1.7 -25.7 34.6 49
AWS 5 1.4 -60.1 35.7 5.4
AWS 6 2.6 -18.8 38.5 4.8
AWS 8 5.4 -28.2 65.1 11.8
AWS 9 10.7 -31.1 54.9 6.6
Tsnow (°C)

AWS 1 -0.16 -6.2 11.3 1.7
AWS 4 0.51 -2.8 13.7 1.5
AWS 5 0.67 -7.2 10.1 1.7
AWS 6 0.24 -4.6 52 0.8
AWS 8 0.72 -6.4 13.0 2.3
AWS 9 0.66 -6.6 9.4 1.9

Notes: Values are based on (two-)hourly means and averaged over 1997-98 for
AWS 1 and 1998-99 for AWS 4 to 9. At the temperatures prevailing at AWS 4
to 9,1 Wm~2 change in L 1 represents ~0.27°C to 0.35°C temperature change.
L 1, outgoing longwave radiation; Tsnow, Snow temperature at initial depth of
0.05 m; D,ean, mean absolute difference (measured minus simulated); D,,ir.,
minimum difference; Dyqz maximum difference; oq; s standard deviation of
the difference.

The sensitivity of the calculated heat budget was tested by varying different
model parameters. The results suggest that the subsurface temperatures are very
sensitive to changes in the amount of shortwave radiation penetrating the snow
pack, i.e., sensitive to the snow density, the albedo and the extinction coefficients
of snow. For example, decreasing the density of the snowfall from 350 kgm=2 to
300 kg m~2 increases the mean temperature of the snowpack by ~0.4°C, and de-
creasing the fractional extinction coefficient of penetrating shortwave radiation from
0.88 to 0.30 increases the subsurface temperature by ~0.2 °C. However, the surface
temperatures and thereby the turbulent fluxes are not very sensitive to changes in
shortwave radiation penetration. The turbulent fluxes are more sensitive to changes
in, e.g., roughness length and L | parameterisation. An increase in roughness length
for momentum from 0.1 mm to 1.0 mm decreases the subsurface temperatures by
~0.3°C and decreases the sensible heat flux by ~1.3 Wm 2, which is due to a de-
crease in the friction velocity. An increase in incoming longwave radiation of ~5%
decreases the surface temperatures by ~1°C, increases the sensible heat flux by
~4 Wm~2 and the latent heat flux by ~1 Wm™2. These results are in accordance
with sensitivity experiments performed with similar models (Reijmer et al., 1999a;
Bintanja, 2000).

The uncertainties resulting from the uncertainties in the measurements, the use
of parameterisations and model output brings about a considerable uncertainty in
the determined heat budget terms. The uncertainty in the measured radiative fluxes
(Chapter 1) results in an uncertainty in the estimated net radiation (R = S + L) of
the same order of magnitude as the flux itself. Because R is small compared to the
individual radiative fluxes, the uncertainty in R is mainly determined by the size of
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Figure 5.6. Fluxes of (a) net radiation, (b) sensible heat and (c) latent heat measured at AWS 6 (solid
line) and site 3 of Bintanja (2000) (dotted line) and the difference between the two (AWS 6 minus site
3, top solid line) for about 20 days in January 1998. The turbulent fluxes at site 3 of Bintanja (2000)
are direct turbulence measurements with a sonic anemometer and a Lyman-c hydrometer.

the flux and does not improve significantly by using measurements of L | instead of
using a parameterization. However, knowledge of L 1 does improve the estimated
turbulent fluxes owing to an improvement in knowledge of 7;. This results in an
uncertainty of ~20% when L 1 is not measured and ~10% when it is measured,
based solely on uncertainties in the measurements used to calculate the fluxes. Un-
certainties brought about by the method used to calculate the fluxes are difficult to
assess. Based on the difference between our results and the directly measured fluxes
of Bintanja (2000), the uncertainty in the turbulent fluxes could be as large as 50 %.

5.5 Results

5.5.1 Annual mean surface energy balance

The surface energy balance was calculated for all AWS, except 3 and 7, over the
periods 1997-99 (AWS 1 and 2) and 1998-99 (AWS 4 to 9). Table 5.3 presents the
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Table 5.3. Annual mean energy balances.

AWS yr Sl St s LI Lt L R H LE G

1(1420) 1997 1392 -1142 250 163.0 -2152 -522 -272 271 0.0 0.1
1998 143.0 -117.3 257 1603 -210.6 -50.3 -24.6 245 0.1 0.0
2(2400) 1997 1548 -1269 279 1524 -2000 -476 -197 207 -05 -0.5
1998 156.0 -1279 281 1493 -1952 459 -178 184 -05 -0.1
1999 1515 -1242 273 1498 -1960 -462 -189 199 -03 -0.7
4 (34) 1998 1175 -101.0 16,5 2184 -236.8 -184 -19 29 -08 -02
1999 1134 984 150 2205 -2365 -16.0 -1.0 1.7 -08 0.1
5 (363) 1998 117.1 -96.6 205 2039 -2399 -360 -155 175 -15 -05
1999 1154 -955 199 2065 -240.5 -340 -141 161 -15 -05
6(1160) 1998 1270 -103.9 231 1787 -2232 -445 -214 223 -02 -0.7
1999 1257 -103.6 221 1809 -2234 425 -204 208 01 -05
8(2399) 1998 1400 -111.8 282 1379 -1714 -335 -53 62 -1.0 01
1999 1309 -1046 263 1391 -1714 -323 -6.0 70 -08 -02
9(2892) 1998 1415 -1173 242 1266 -1524 -258 -1.6 23 -07 00
1999 1375 -1144 231 1304 -1546 -242 -11 20 -07 -02

Notes: Fluxes are in Wm™2 and positive directed towards the surface. Averages are based on
hourly means. To obtain averages over a complete year, missing days in January 1997 (AWS 2)
and January 1998 (AWS 5, 6 and 8) are substituted with corresponding days of January 1998 and
1999, respectively. Between brackets the elevation of the stations in m a.s.l.. For AWS 1, 1999 is
missing due to a broken temperature sensor. S |, incoming shortwave radiation; S 1, reflected
shortwave radiation; S, net shortwave radiation (S | - S 1); L |, incoming longwave radiation;
L 1, outgoing longwave radiation; L, net longwave radiation (L | - L 1); R, net radiation (S + L);
H, sensible heat flux; LE, latent heat flux; G, sub-surface energy flux.

annual average energy balance for these stations. The annual averaged energy bal-
ance on Antarctica is dominated by a negative radiative flux R (R = S + L). R
is mainly determined by the net longwave radiation L which varies between -16
and -52 Wm™2 (Table 5.3). S varies between 15 and 28 Wm 2. R is almost com-
pletely balanced by a positive sensible heat flux H, ranging from 2 Wm~?2 at AWS
4 to 28 Wm~2 at AWS 1. Positive H indicates that the near-surface atmosphere is
on average stable and the near surface air is cooled. This is the main forcing of the
persistent katabatic flow on Antarctica. The low moisture content of the air results
in small and negative latent heat fluxes LE at almost all stations, varying between
-1.5Wm~2 at AWS 5 and 0.1 Wm ™2 at AWS 6. A negative LE of ~-1 Wm 2 implies
~11 mmw.e.yr~! sublimation of the snow surface, ~0 to 10% of the annual accu-
mulation per site. The subsurface energy flux G is small and varies in sign from year
to year.

5.5.2 Seasonal cycle

Figure 5.7 presents the monthly mean surface heat budget of AWS 4, 6 and 9 where
AWS 4 represents the ice shelves, AWS 6 the escarpment region and AWS 9 the
plateau region. Due to the low temperatures on the Antarctic continent melt sel-
domly occurs so the snow is generally dry and « high, 0.80 - 0.85 (Table 5.1). S, albeit
small, dominates the radiative budget in summer, which results in positive values of
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Figure 5.7. Monthly mean energy balance for AWS 4, 6 and 9 for 1998 and 1999. (a) Presents the
radiative fluxes, (b) the turbulent and subsurface fluxes. Dotted lines indicate 0 Wm™>. Note the
different scales on the vertical axis.

R (Figure 5.7a). In winter, in the absence of solar radiation, L determines the radia-
tive budget and R is negative. The amount of time R is positive in summer increases
with increasing distance from the coast, disregarding AWS 4 where R is ~0 Wm™2
during the entire year. At AWS 1, R remains negative, also during summer, which
is unusual for summer conditions. Bintanja (2000) also found negative R in summer
for three sites on the slope towards the Antarctic plateau. This phenomenon will be
discussed more extensively in the next section. At AWS 4, R occasionally becomes
positive between October and February. At AWS 5 and 6, R is positive in December
and at AWS 2 R is positive from November until January. At the highest sites R is
positive from October to February.

Because R is largely balanced by H, H is in general positive in winter and neg-
ative in summer, especially at the higher stations, AWS 2, 8 and 9 (Figure 5.7b). At
AWS 1, 5, and 6, H becomes very small in summer but remains positive. This in-
dicates, on average, stable or near neutral conditions in the surface layer. Unstable
conditions in the surface layer in summer at the higher stations are due to the de-
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Figure 5.8. Diurnal cycle of the surface energy budget in summer (December, January, February) for
AWS 4, 6 and 9. (a) Net shortwave radiation, (b) net longwave radiation, (c) net radiation, (d) sensible
heat flux, (e) latent heat flux and (f) subsurface energy flux. Dotted lines indicate 0 Wm ™.

crease in wind speed and the more vigorous warming of the surface by the sun due
to lower amount of clouds at larger distance from the coast. LE is very small and
positive (condensation) in winter and negative (sublimation) in the short summer.
The subsurface energy flux is small all year round, varying between -5 and 5 Wm™2
and shows warming of the snow pack in summer and cooling in winter. In summer,
surface temperatures occasionally can reach 0°C for 1 or 2 hours at AWS 4, 5 and 6
and melt occurs. The melt water does not runoff but percolates into deeper layers
and refreezes, forming ice lenses as observed at AWS 4.

5.5.3 Daily cycle

The diurnal cycle in the surface energy budget is mainly due to changes in insolation
and therefore most pronounced in summer. S heats the surface and destroys (in part)
the surface temperature inversion, weakening the katabatic flow. Figure 5.8 presents
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the diurnal cycle of the heat budget in summer (December, January and February) at
AWS 4, 6 and 9. The diurnal cycle in S is much larger than in L, 80 - 110 Wm ™2 and
25-35 Wm™?, respectively. This results in an R that is dominated by S and positive
in day-time for ~10 hours at the lower sites (AWS 1 to 6) to ~13 hours at the sites on
the plateau (Figure 5.8a). The diurnal cycle of L | is small, so the diurnal cycle in L
is mainly caused by variations in L 1. Therefore, energy losses due to L are largest
when the surface temperature is highest, which is about an hour after solar noon.
The phase difference between the stations is due to the longitudinal location of the
stations.

H is mainly determined by the temperature difference between air and surface,
and wind speed. During daytime the conditions are neutral or only marginally un-
stable at the lower sites (AWS 1, 4, 5 and 6) while at the higher sites (AWS 2, 8 and 9)
unstable conditions prevail, resulting in warming of the lower boundary layer (Fig-
ure 5.8b). At night, H is positive and largest for the stations with the highest wind
speed. LE is small at all stations and shows condensation at night and sublimation
during day. G shows a marked diurnal cycle which is closely related to the solar
heating of the snow pack.

5.6 Discussion

5.6.1 The katabatic wind regime

The results presented in the previous sections suggest that the katabatic flow is of
great importance to the meteorological conditions and thereby the surface energy
balance in DML. The intensity of the katabatic flow is, to a first approximation, pro-
portional to the steepness of the underlying surface (Parish and Bromwich, 1987,
1991). Figure 5.9a presents the annual mean wind speed as a function of the surface
slope. The surface slope is calculated using a 10 x 10 km Antarctica surface topogra-
phy and is based on linear interpolation of the elevation difference between the four
points surrounding the AWS location, giving a reasonable estimate of the surface
slope that affects the katabatic flow (Table 1.1).

Figure 5.9a shows that the wind speed is highest at the sites with the highest
surface slope, which is on the steep slope towards the plateau. The stronger winds
enhance vertical mixing and reduce the strength of the surface temperature inver-
sion, which results in high potential temperatures (f) and sensible heat fluxes (Ohata,
1985; Wendler et al., 1993; Van den Broeke et al., 1999). The control of the strength of
the katabatic wind on the boundary-layer processes is referred to as katabatic wind
regime and explains the small differences in air temperature between the lower sta-
tions (AWS 4 to 6) where not only the elevation increases with increasing distance
from the coast but also the surface slope. § actually increases with elevation, result-
ing in a maximum at the stations on the slope towards the plateau (Figure 5.9b). A
similar maximum was found by Van den Broeke et al. (1999), and attributed to the
katabatic wind regime. The katabatic wind regime also explains the absence of a
clear annual cycle of the wind speed at sites 4 and 9, where the surface slope is very
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Figure 5.9. Annual mean (a) wind speed and (b) potential temperature as a function of surface slope
(Table 1.1). The numbers denote the AWS sites.

small. In spite of the high surface slope and 6 at AWS 1 and 2, the annual mean
wind speed is lower than at AWS 5 and 6, which is partly explained by the under-
estimation of the wind speed due to freezing of the sensors in winter and partly by
two-dimensional effects of the terrain causing confluence and divergence of the flow
and resulting in relatively hight and low wind speeds, respectively. Due to uncer-
tainties in determining the surface slope and freezing of the wind speed sensors, 6 is
probably a better measure of the influence of the katabatic wind on the surface fluxes
than the actual measured wind speed and will be used in the remaining sections.

5.6.2 The surface energy balance

The spatial variations in the surface energy balance presented in Section 5.5 suggest
a dependency on the strength of the katabatic flow but also on the location of the
site with respect to the distance from the coast, latitude and elevation. Figure 5.10
shows the annual mean energy balance at the AWS sites (Table 5.3), as a function of
0 (Table 5.1).

The apparent dependency of the net shortwave radiation S on 6 results from the
increase in elevation and distance from the coast at AWS 1 to 6 that coincides with
the increase in surface slope. Variations in S depend mainly on the surface albedo,
the elevation and latitude of the site, and cloud amount. S increases as a function of
elevation and distance from the coast, hence the high S at AWS 8 and 9, and is due
to a decrease in cloud cover with increasing distance from the coast. At Neumayer
the cloud amount was ~0.66 (Konig-Langlo and Herber, 1996), compared to ~0.35
near AWS 6 (Bintanja and van den Broeke, 1995) in January 1993. On the plateau, S
mainly depends on latitude. Note that at AWS 1 and 2 « is not measured and the
estimated value is kept constant.

Net longwave radiation L is negative and decreases with increasing ¢. This max-
imum in L at the sites with the highest 6 coincides with a maximum in wind speed
and surface slope (Figure 5.9). The relatively high surface temperatures increase L 1,



5.6 Discussion 93

(%
(=}

U
W
ol

& a < o2t ]
'S 28LF [ ] me o 20k ® 1997 | 4
§ 8 209 E [ m 1998 | ]
< 6L o) % _25:,.0 o 1999 B
£ e 5 L0 ;
5 24rWo 4 g -30p ] E
o] e} 6 n 5 r -O 1
g 221 o 1 & 35¢ o5 3
5] (] L ]
§ 20L 59 ] § 40F E
5 8L 1 2 a5t 6m ]
< . ® 1997 || & ¢ 0 e
3 16f m 1998 (15 s0f .29
2 4 o 199 [ 2 Sogb "
13 T R S R -2(5)’ P T B R

L L L L L B L L L
% 4 r ]
X ® 1997 1 o5t 1® 1
-5k m 1998 |4 F B
& g0 o 1999 § " ]
.E Z [ 6. ]
= -0} 1z 20f © 209
\; = [ 51 "
S50 59 15 15f © ]
= < [ h
"g % ° b 1
S 200 e © 10 N
2 6w 21z f ]
z 3 " ® 1997 | ]
25t N ] Sty 8 B 1998 | ]
C d o Tot o 1999 |1

e e e
~ € < [fo, us o« |
N ° .1 ‘E L 4 1 |
g ol 6 4 g Olm n B
= i = °re ,
—' L 2. 4
= 201 B ]
5-0579 me =02 om og B
= | _Io) ) 94 ]
2 a o 5} ]
2 ab 4 18 1 504 -
° ]
i:; E a5 o6 e
-1.5F as ® 1997 |{ 5 -0.6-| @ 1997 g
w1998 |1 £ || m 1998 . 2o ]
o 199 || 5 [0 199 ]

200 08
-20 -15 -10 -5 0 -20 -15 -10 -5 0

Potential temperature (°C) Potential temperature (°C)

Figure 5.10. Annual averaged surface energy balance components of (a) net shortwave radiation, (b)
net longwave radiation, (c) net radiation, (d) sensible heat flux, (e) latent heat flux and (f) subsurface
energy flux as a function of potential temperature (Table 5.1). The numbers denote the AWS sites.

which brings about the maximum in L. Because L dominates the radiation balance,
R also shows a maximum on the edge of the plateau where 6 is highest. R is balanced
almost completely by a positive H, which also shows a maximum at the site with the
highest . H and R at AWS 2 deviate from this tendency. Both fluxes are smaller
than is expected from the measured 6. This is probably due to the under-estimation
of the wind speed due to freezing of the sensor.
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Figure 5.11. (a) Annual mean and monthly mean net radiative flux as a function of potential tem-
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Mi, Mizuho (King and Connolley, 1997); Bi, Berkner Island (Reijmer et al., 1999a); S5, site 5 (Bintanja
and van den Broeke, 1995); S3, site 3; 54, site 4; S6, site 6; S7, site 7 (Bintanja, 2000).

The dependency of the surface energy balance on # and thereby wind speed and
surface slope, is mainly determined by the winter balance (Figure 5.11) due to the
very short and peaked summer on Antarctica. In summer, heating of the surface
by solar radiation reduces the sensible heat flux and thereby the cooling of the near
surface air, weakening the katabatic flow and increasing the influence of the large
scale flow, resulting in the diurnal cycles in the energy budget terms. The unusual
negative R in summer at the sites on the slope towards the plateau is explained by
the southern location of the escarpment region in DML compared to the rest of East
Antarctica and was also found by Bintanja (2000). The large surface slope results
in relatively high wind speeds and sensible heat fluxes at elevations where at other
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locations the slopes are less steep and the wind speeds less severe. This could also
explain the difference in diurnal variations in H between the sites on the Antarctic
plateau (AWS 2, 8 and 9) and on or near the slope (AWS 1, 4, 5 and 6) (Figure 5.8),
conditions being stable at the escarpment stations and unstable at the plateau sta-
tions. In winter, R decreases with increasing 6.

The relative contribution of H and LE to the heat budget at the various sites also
exhibits an annual cycle (Figure 5.12) (Bintanja et al., 1997). In winter, the contribu-
tion of LE to the turbulent fluxes is small due to the low temperatures. The Bowen
ratio (B = H/LE) is positive at all stations except AWS 9 and is on the order of 20.
In summer, the fluxes are smaller and the contribution of LE increases resulting in
B varying between -5 and 5. B is positive for AWS 8 and 9 and negative for all other
stations.

5.6.3 Comparison with other studies

The results presented in the previous sections can be compared to calculations pre-
sented in the literature.

Bintanja and van den Broeke (1995) and Bintanja (2000) present the energy bal-
ance for the austral summer of 1992-93 and 1997-98 for two stations located at exactly
the same location as AWS 6, named site 5 and site 3, respectively. Their results are
summarised in Table 7 of Bintanja (2000). He showed that the constant relative hu-
midity assumed by Bintanja and van den Broeke (1995) was too low, which resulted
in an exceptionally large LE of -22.1 W m~2. Comparing January 1999 and 2000 with
the results of Bintanja (2000) shows that our S and L are smaller. This results in a
negative R at AWS 6, -5.3 and -3.2 Wm 2, respectively, while R at site 3 is small
and positive, 2.3 Wm 2. H is of the same order of magnitude, ~10 Wm™2 and LE
is smaller in our results, -2.6 and -2.0 Wm 2 compared to -10.8 W m 2. The differ-
ences can partly be explained by annual variability but also by the different methods
used to calculate the turbulent fluxes (see Section 5.2).

The mean diurnal cycle derived at AWS 6 is also in reasonable agreement with
results from Bintanja (2000). H shows near neutral conditions in day-time averaged
over two years, which agrees with Bintanja (2000). The diurnal cycle of LE shows
positive values at night while in Bintanja (2000) LE remains negative 24 hours per
day. Wendler et al. (1988) present the diurnal cycle for a weather station (D-47) on
the intermediate plateau in Adélie Land, East Antarctica. Their results are generally
comparable to our results from AWS 1, 2 and 6. However, at D-47, S is higher during
daytime, probably due to the more northerly location of the station compared to the
AWS used here, and R is positive during day-time. H is higher during night, which
is probably due to higher wind speed at D-47 (annual average ~12.8 ms~!). The
sublimation is also larger at D-47 and LE becomes positive during night.

Almost all estimates of the annual surface heat budgets found in literature are
from stations near the coast (King et al., 1996; Kénig-Langlo and Herber, 1996; Rei-
jmer et al., 1999a) or the South Pole (Carroll, 1982; King and Turner, 1997). To examine
to what extent the results presented in previous sections for DML can be extended
to the entire continent, Figure 5.11a presents annual mean R as a function of 6. Be-
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S6, site 6; S7, site 7 (Bintanja, 2000).

cause R is almost completely balanced by H + LE, H + LE as a function of § shows
similar results. The spread in R is considerable, especially at the sites with low 6,
which are the sites on the plateau and on ice shelves where the surface slope and
thereby wind speeds are reasonably low. On plateau stations like South Pole but
also Berkner Island, R seems to have no dependence on slope but more on latitudi-
nal position (not shown). The difference between AWS 8 and 9 and South Pole is an
order of magnitude in R as well asin H + LE.

Stations on ice shelves, close to the coast are largely influenced by the synoptic
weather systems and less by katabatic flow. Fluxes of R and H + LE at AWS 4 seem
exceptionally small compared to their value at other coastal stations in this area. At
Halley, Maudheim and Neumayer, annual mean R are -9.8 Wm 2, -11.8 Wm~2 and
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-7 Wm~2 (Schmidt and Konig-Langlo, 1994; Konig-Langlo and Herber, 1996; King
and Turner, 1997), respectively, compared to ~-1.5 Wm™~2 at AWS 4. This can partly
be explained by the under-estimation of the surface temperature in the model, which
results in L 7 that is on average ~1.7 Wm™? too low (Table 5.2).

Most of the measurements presented in the literature are carried out in the sum-
mer months December and January (Ohata, 1985; Wendler et al., 1988; Bintanja and
van den Broeke, 1995; Bintanja, 2000). Figure 5.11b presents R as function of § for
January. The figure shows no dependency on 6 at all. There is only a tendency for
the stations on the ice shelves to have a negative 6 while stations close to the edge of
the plateau have positive §. The spread is fairly large and can partly be explained by
inter-annual variability in the average monthly weather conditions and the different
length of the measuring periods at the presented stations. For stations on ice shelves
the size of the ice shelf and the location of the station on the ice shelf, e.g., close to up-
wind mountains or close to the edge also plays a role. The summer balance is mainly
determined by the net shortwave radiation. The winter balance does exhibit a rela-
tion with 6, although the spread, especially in the results from Neumayer station, is
fairly large.

5.7 Concluding remarks

The weather stations have provided us with a fairly complete three to four year data
set for seven locations in Dronning Maud Land, East Antarctica. Meteorological
conditions at these stations are mainly determined by the large scale flow on the
ice shelf and by the katabatic wind regime at the other sites. Wind directions are
generally very constant and wind speed and potential temperature increase with
increasing surface slope.

Surface energy balance calculations at the seven locations indicate that the en-
ergy balance in DML is strongly connected to the potential temperature and hence
surface slope and wind speed. Stronger winds enhance vertical mixing and reduce
the strength of the surface temperature inversion, which results in high potential
temperatures, sensible heat fluxes (Ohata, 1985; Wendler et al., 1993; Van den Broeke
et al., 1999) and relatively high surface temperatures. The result is a maximum in H
and L 1, and therefore L, at the steeper slopes where 6 is highest. Because L domi-
nates the radiation balance, R also shows a maximum at these sites. S depends on
distance from the coast probably due to a decrease in cloud amount. LE is small at
all sites, but indicates that still ~0 to 10% of the annual accumulation sublimes.

The energy balances calculated here are generally comparable to energy balance
estimations for stations at similar locations presented in the literature. Differences
found are explained by the different geographical positions of the sites, especially the
larger distance from the coast of the escarpment region in DML compared to other
regions of East Antarctica, the different time periods the budget was calculated for
and the different methods used to calculate the budget.

The energy balance results are presented in terms of the geographical position
of the stations categorised in three regions; the ice shelves, the escarpment region
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and the Antarctic plateau. The regions are distinguished by their climatic and topo-
graphic settings, which results in typical characteristics with respect to mean values,
long-term variations and diurnal cycle of meteorological variables and energy bal-
ance. The ice shelves, especially the smaller ones, are mainly influenced by synop-
tic weather conditions due to their location at the coast and their flat surface. The
energy balance in the escarpment region is mainly determined by the strength of
the katabatic flow and strongly depends on surface slope and wind speed. On the
Antarctic plateau the influence of the large-scale flow is limited, cloud amounts are
low and due to the flat surface, katabatic flows are weakly developed. Here, climate
and heat budgets are mainly determined by the elevation, through temperature, of
the site and the latitude through shortwave radiation. Note however, that this re-
sults mainly from the stations in DML where the steep slope towards the Antarctic
plateau is at reasonable distance from the coast. At most other locations the slope is
closer to the coast. The influence of large-scale flow will probably be larger at these
sites.

The amount of surface energy balance data is still limited and owing to the vast
size of the continent it is not likely that the spatial and temporal coverage of these
type of measurements will considerably improve in the near future. Hopefully our
results are useful in validating output from climate and weather prediction mod-
els currently used to study the Antarctic climate (Genthon and Braun, 1995; King
and Connolley, 1997; Van Lipzig et al., 1999). The weather station data constitute an
independent data set not used in the analysis procedure of climate and weather pre-
diction models. Furthermore, two stations are located on the plateau where errors
in model elevation are smallest and the interpretation of differences found between
model and measurements is not as difficult as in the coastal and escarpment area
where the errors in model elevation are substantial.



Chapter 6

Moisture sources of
precipitation in Western
Dronning Maud Land,
Antarctica

Summary

Moisture sources for snow falling in Dronning Maud Land (DML), Antarctica, are
calculated for 1998 using three dimensional five-days backward air parcel trajecto-
ries. The drilling site of the European Project for Ice Coring in Antarctica in DML is
chosen as the main arrival point (75.0°S, 0.01 °E). A distinction is made between tra-
jectories with and without snowfall at arrival. Of the snowfall trajectories, 40 - 80 %
are located in the Atlantic Ocean within 4 days before arrival. Evaporation along
these trajectories is largest 3 to 4 days before arrival. The air parcels are then lo-
cated between 40 and 60 °S in the Atlantic Ocean where surface temperatures range
between 0 and 20 °C. A case study for May 1998 shows that when snow falls excep-
tionally high temperatures and wind speeds prevail in the atmospheric boundary
layer. The position of the trajectories in the boundary layer suggests a source region
for this event between 40 and 50 °S and 20 and 60 °W in the Atlantic Ocean, where
sea surface temperatures vary between 5 and 15 °C.

1This chapter is based on: Reijmer, C.H. and M.R. van den Broeke, 2000. Moisture sources of precipi-
tation in Western Dronning Maud Land, Antarctica. Antarctic Science, 13(2), 210-220.
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6.1 Introduction

Many deep ice cores have been drilled in the Antarctic and Greenland ice sheet, e.g.,
Vostok and Byrd (Antarctica), Greenland Ice Core Project (GRIP and North GRIP)
and Greenland Ice Sheet Project (GISPII) (Greenland Ice-core Project (GRIP) Mem-
bers, 1993; Petit et al., 1999). The European Project for Ice Coring in Antarctica
(EPICA) aims to drill a further two cores. The main objective of EPICA is to con-
struct a high resolution climate record for the Antarctic and compare the results with
other Antarctic and Greenland records. The Atlantic Ocean is considered an impor-
tant link between Antarctic and Greenland climate records (Stocker, 1999). One of
the EPICA cores will therefore be drilled in Dronning Maud Land (DML), an area of
Antarctica bordering the Atlantic Ocean (Figure 6.1). The relatively high accumula-
tion rate at the selected drilling site, ~62 mm water equivalent per year (w.e.yr—!)
(Oerter et al., 2000), makes it possible to obtain a detailed record of the last glacial-
interglacial cycle.

The climate recorded in ice cores is mainly determined by the conditions in which
snowfall occurs. This need not be representative for the mean conditions at that point
(Noone and Simmonds, 1998; Noone et al., 1999). Several factors such as seasonality
of snowfall and changes in moisture source regions may bias the ice core record
(Jouzel et al., 1997). The ratio of oxygen isotopes (6'0) in the snow is often used to
reconstruct temperature records from ice cores (Petit et al., 1999). However, 6'%0 in
Antarctic snow represents a complex history of the moist parcel. It depends on the
temperature of the ocean from which the moisture evaporated, the subsequent cycles
of condensation and evaporation and the temperature at which the moisture finally
condenses to form precipitation. This hampers the interpretation of the §'80O record.
A change in §'80 could indeed reflect a realistic temperature change but could also
be caused by a change in moisture source region or seasonality of the precipitation.

Several techniques have been used to trace moisture source regions of Antarc-
tic snow. Petit et al. (1991) and Ciais et al. (1995) use deuterium excess as tracer in
combination with idealized isotope models. They conclude that the Antarctic mois-
ture has a subtropical origin, 30 - 40 °S and 20 - 40 °S, respectively. Peixoto and Oort
(1992) came to the same conclusion on the basis of atmospheric water balance studies
(8 - 40 °S). Other studies including §'¥0 (Bromwich and Weaver, 1983) and General
Circulation Model (GCM) studies (Delaygue et al., 2000; Delmotte et al., 2000) suggest
a more southern origin, 55 - 60 °S and 30 - 60 °S, respectively. Differences in source
regions could be due to the differences in methods used, and do not necessarily con-
tradict each other.

In this study we use a combination of techniques to assess moisture sources for
DML. To identify precipitation events we use data from nine Automatic Weather Sta-
tions (AWS) and we use a trajectory model to trace the moisture sources of the precip-
itation events. Using the trajectory method enables us to describe specific transport
pathways in contrast with the GCM approach (Delaygue et al., 2000; Delmotte et al.,
2000), which only gives the location of the source region without an indication of
the transport path or the air mass age. The approach in this study is similar to the
study of Noone et al. (1999), who use European Centre for Medium Range Weather
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Figure 6.1. Map of Antarctica showing the locations of the Automatic Weather Stations. AWS 9 is
situated ~2 km west of the EPICA drilling site in Dronning Maud Land (DML). Shaded areas are ice
shelves, dotted lines are boundaries of areas defined in the text.

Forecasts (ECMWF) reanalysis to describe the seasonal patterns and trajectories of
significant snowfall in the DML region. However, Noone et al. (1999) concentrate
on the general characteristics of major events while the focus in this study is on the
source regions of the moisture.

In Section 6.2 we briefly describe the weather stations and in Section 6.3 the tra-
jectory model. In Section 6.4, a one-year record of AWS accumulation is analysed and
compared with ECMWF modelled snowfall. Using the wind fields of the ECMWF
model, backward air parcel trajectories are computed and described in Section 6.5 to
assess moisture source regions of the snow in 1998. A high accumulation event in
May 1998 is described in more detail in Section 6.6.

6.2 The Automatic Weather Stations

The Institute for Marine and Atmospheric Research Utrecht (IMAU) operates nine
AWS in Dronning Maud Land, Antarctica (Figure 6.1). AWS 1 to 3 were installed in
January 1997 along a traverse line connecting the Norwegian research station Troll
to the Antarctic plateau (Winther et al., 1997). AWS 4 to 8 were installed in the austral
summer of 1997-98 on a transect ranging from the coast along the Swedish research
stations Wasa and Svea to the plateau (Holmlund et al., 2000). AWS 9 was placed in
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December 1997 ~2 km west of the EPICA drilling site in DML.

The AWS measure air temperature, air pressure, wind speed and direction, in-
strument height, firn temperature (except AWS 2) and downward directed short-
wave radiation. AWS 4 to 9 additionally measure relative humidity, upward directed
shortwave radiation and upward and downward directed longwave radiation (Fig-
ure 1.5). The sampling rate is six (AWS 1 to 3) and five (AWS 4 to 9) minutes. Hourly
(AWS 1 to 3) and two-hourly (AWS 4 to 9) averages are stored and transmitted via
Argos satellites. The instrument height is measured using a sonic height sensor. The
changes in instrument height are a measure for the amount of accumulation in m
snow. The initial height of the instruments was ~3 m above the surface (Table 1.1).
In this study we focus on AWS 8 and 9. The weather stations are more extensively
described in Chapter 1.

6.3 The trajectory model

We use the trajectory model developed by the Royal Netherlands Meteorological
Institute (KNMI) to calculate air parcel backward trajectories (Scheele et al., 1996).
This model computes the three-dimensional displacement of an air parcel during a
time step At using an iterative scheme:

At
X1 = Xo + S [v(Xo, 1) + V(X t + A)]. 6.1)

In this equation At is the iteration time step, Xy is the position vector of the parcel at
time t, X,, is the n'" iterative approximation of the position vector at time ¢ + At and
v(X, t) is the wind vector at position X and time ¢. The iteration time step is -10 min-
utes. The iteration stops when the horizontal distance between X,, and X,,; is less

than 300 m and the relative vertical (pressure) difference, defined as PT;;:L:P, is less
than 0.0001. The model is able to compute different types of trajectories, e.g., isen-
tropic, isobaric or three-dimensional. The latter is used because it most accurately
approximates the true three-dimensional transport path (Stohl et al., 1995; Kottmeier
and Fay, 1998).

We use the output from the ECMWF operational Numerical Weather Prediction
(NWP) model as input for the trajectory model. The wind fields are first guess fields,
not analyses, to ensure physical balance in the meteorological fields, which assures
accurate representation of the vertical wind speed component. Note that in April
1998 the orography in the ECMWF model was improved and the resolution changed
from T213 (~0.8°) to T319 (~0.6°). For the trajectory model, the resolution of the
input data is kept constant at 1.5° in the horizontal plane, 31 levels in the vertical
and 6 hours in time. This makes interpolation in time and space necessary. The
spatial interpolation is bi-linear in the horizontal and linear with log(pressure) in the
vertical. The time interpolation is quadratic.

Uncertainties that are introduced by the choice of trajectory type and interpola-
tion schemes are on the order of 1000 km after 5 days calculation (Kahl et al., 1989;




6.4 Model and measurement comparison 103

Stohl et al., 1995). Errors in the vertical wind component are a major source of uncer-
tainties in the calculated trajectories. This implies that the usefulness of identifying
source regions after 5 days is limited to areas with horizontal dimensions on the
order of 1000 km, ~9 degrees latitude. In reality, the uncertainty might be larger
because of the difference between the first guess wind fields and the real winds, and
the presence of convective systems (e.g., fronts). In a convective system the air par-
cel loses its identity making it impossible to trace a single parcel deterministically.
This important source of errors in trajectories is difficult to assess and is not quanti-
fied in the uncertainty estimate. Fortunately, precipitation in the polar atmosphere is
generally stratiform and convective mixing will be small. Kahl et al. (1989) conclude
that sensitivity due to differences in gridded meteorological data bases, an indicator
for errors in wind fields, can be larger than the sensitivity due to different trajectory
calculation methods. So, computed trajectories must be interpreted with care.

6.4 Model and measurement comparison

In the following analysis a distinction is made between trajectories with and without
snowfall on arrival at the AWS sites. To investigate the ability of the ECMWF model
to correctly analyse meteorological parameters at the AWS sites, measurements from
two stations on the higher plateau, AWS 8 and 9, are compared with the ECMWF
data at the grid points of the AWS. The other stations are either too close to large
orographic gradients and therefore subject to large uncertainties in the first guess
fields or suffer from lack of data. As such, they are not included in this analysis.
Model snowfall is based on the cumulative snowfall in the first 12 forecast hours
and suffers from model spin-up. Snowfall from the 0 to 12 hours forecast is ~9 %
less than the amount from the 12 to 24 hours forecast (Turner et al., 1999).

In general, the meteorological parameters such as air pressure, air temperature,
wind speed and wind direction are reasonably well reproduced by the ECMWF
model, especially after the resolution and orographic improvements. The AWS mea-
surements show that most accumulation occurs in ~4 major events per year con-
tributing ~80 % to the total annual accumulation (Figure 6.2). It is difficult to quan-
titatively verify the snowfall in the ECMWEF model using AWS observations as they
are very different types of data. The AWS measures instrument height, which in-
cludes processes such as snowfall, snowdrift, sublimation, deposition and densifica-
tion of the snow pack. In case of accumulation, it is difficult to assess how much and
when the accumulation is snowfall or snowdrift. Furthermore, the model precipita-
tion represents the mean precipitation rate over the area of a grid cell rather than one
location within the cell.

If we assume mean densities of 345 gkg™' (L. Karlof, personal communication
1999) and 335 gkg~! (H. Oerter, personal communication 2000) at AWS 8 and 9, re-
spectively, then an annual accumulation results of ~90 mm w.e.yr~—! at AWS 8 and
~91 mmw.e.yr—! at AWS 9. The ECMWF snowfall in 1998 was ~55 mm w.e.yr !
at both sites. The ECMWF accumulation is lower compared to both AWS values.
Noone et al. (1999) compared cumulative accumulation measured by a thermistor
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Figure 6.2. Accumulation record at (a) AWS 8 and (b) AWS 9 for 1998. Left axis, cumulative instru-
ment height changes in m snow measured at the AWS sites. Right axis, ECMWF cumulative snowfall
in mmuw.e. at the AWS grid points. Arrows indicate the snowfall event in May 1998.

(77°S, 10°W) with ECMWEF model precipitation, and found an overestimation of
the accumulation in the model. Precipitation in the coastal areas of Antarctica is
often orographic induced (Bromwich, 1988). Errors in the model orography could
therefore have great influence on the amount and location of model snowfall. Gen-
thon and Braun (1995) show that the ECMWF orography (improved in April 1998)
was ~1000 m too high in DML resulting in too little precipitation on the Antarctic
plateau in this area (Turner et al., 1999). This explains part of the found difference at
AWS 8 and 9 but does not explain the overestimation found by Noone et al. (1999).
Differences are also explained by the difficulty to distinguish snowfall from snow-
drift in the AWS data and the fact that the model snowfall represents the mean of
a grid cell rather than one location within the cell. The difference suggest that the
precipitation is not uniformly distributed in a model grid cell.

From medium deep ice cores and snow pits the mean accumulation near AWS
8 was estimated to be ~68 mmw.e. yr—! over the last 182 years (Karlof et al., 2000)
and ~62 mmw.e.yr~! over the last 200 years at AWS 9 (Oerter et al., 2000). The
ECMWEF snowfall in 1998 (55 mm w.e. yr~!) is similar to these estimates. The model
seems to reflect better the mean conditions at a site rather than actually capturing a
high accumulation year. In 1999 the annual accumulation at AWS 8 and 9 was lower,
62 mmw.e.yr—! and 84 mm w.e. yr—!, respectively. The high accumulation values in
1998 can be explained by the fact that in 1997-98 a strong El Nino was observed. Jones
and Simmonds (1993) showed for the 1982-83 and 1986-87 El Nino events that winter
cyclones are more intense. This results in a greater than normal advection of heat
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Figure 6.3. (a) Mean five-days backward trajectories arriving at AWS 9, starting at six different
pressure levels above the surface. Each day back is marked with a plus sign. The cross is the location of
AWS 9.

and moisture in DML and possible higher accumulation. However, measurements
at Halley, the British research station on the Brunt ice shelf, and at Neumayer, the
German research station on the Ekstrom ice shelf, show that the temperature and
wind speed in 1998 were about average. The mean pressure was lower than average,
which can indicate larger than average depression activity in 1998.

Figure 6.2 compares AWS instrument height measurements at AWS 8 and 9 with
ECMWEF snowfall at those locations for 1998. The individual events are not well
correlated. For example, in May 1998 a major snowfall event was recorded at AWS
9 and not at AWS 8. The ECMWF model shows snowfall at both stations for that
event. The discrepancies are due to model limitations. The model gives regional
scale results, not local. Note that there is no apparent seasonality in the timing of the
snowfall events.

6.5 Trajectories in 1998

Trajectory calculations are initiated (and air parcels arrive) every 12 hours (0.00 GMT
and 12.00 GMT) at six different pressure levels above the surface with starting point
75.0°S, 0.01 °E (AWS 9). Trajectories that intersect the surface are omitted from the
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AWS 9
Py =671 hPa

Arrival height:
1 =660 hPa
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Figure 6.3. Continued. (b) As (a) but only trajectories with snowfall at arrival are taken into account.

analysis (~9 % of the trajectories). We make distinction between cases with and with-
out snowfall at arrival, based on ECMWF snowfall. To mark a trajectory as a snow-
fall trajectory, at least 0.5 mm w.e. of snow must have accumulated in the 12 hours
preceding the parcel arrival. For 1998, this resulted in 23 events at AWS 9, which
represents ~37 % of the total ECMWEF model accumulation.

Figure 6.3a presents the mean of all trajectories and Figure 6.3b the mean of snow-
fall trajectories, arriving at AWS 9 at different altitudes. Both show a cyclonic curva-
ture reflecting the substantial influence of cyclones on the air parcel paths in Antarc-
tic coastal regions. Due to the higher wind speeds at higher altitudes, the distance
travelled by air parcels arriving at higher altitudes is larger and their origin is further
to the west. There is no clear seasonal shift in curve or direction of the trajectories
due to, e.g., the semi-annual oscillation (SAO). In 1998, the SAO is weakly developed
in this area. SAO and the influence of SAO on the Antarctic climate are more exten-
sively described in, e.g., Van Loon (1972) and Van den Broeke (2000b). Trajectories
for AWS 8 (not shown) are similar but shifted towards the west. Noone et al. (1999)
examine the mean poleward moisture flux in the sector 10°W to 15°E to study the
general approach direction of the moisture. In agreement with our results they find
that the moisture approaches from the northeast.

Figures 6.4a and b present the pressure level of the mean trajectories and mean
snowfall trajectories, respectively, arriving at 650 hPa at AWS 9, ~20 hPa above the
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Figure 6.4. (a) Mean vertical displacement in pressure of all trajectories arriving at 650 hPa.
(b) As (a) but only trajectories with snowfall at arrival at AWS 9 are taken into account. Py,
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surface within the maximum in the poleward moisture transport found by Noone
et al. (1999). On average, snowfall trajectories are situated at higher pressure levels
and have higher surface pressures along their path because they travel closer to sea
level. The non-snowfall trajectories remain longer over the continent, which is re-
flected in the lower surface and trajectory pressure. Figures 6.3 and 6.4 show that
snowfall and non-snowfall trajectories are quite different in character. Because only
snowfall trajectories will contribute to the accumulation and therefore be reflected in
an ice core, care must be taken only to consider those trajectories that contribute to
the accumulation to obtain an unbiased assessment of the recorded climate signal.
The maritime nature of snowfall trajectories is also illustrated in Figure 6.5, which
shows the percentage of trajectories located in a certain region. To define these re-
gions, the Southern Hemisphere is divided into 5 regions: the Atlantic Ocean (70 °W
- 20°E), the Indian Ocean (20 °E - 145°E), the Pacific Ocean (145 °E - 70 °W), the
Southern Ocean (between the Antarctic continental boundaries and 65 °S) and the
Antarctic continent (Figure 6.1). The trajectories in Figure 6.4 have their arrival
height within the boundary layer at 650 hPa, ~20 hPa above the surface at AWS
9. Figure 6.5d shows that 1 day before arrival most snowfall parcels (60 %) are in
the Southern (Atlantic) Ocean or in the Atlantic Ocean (25 %). In days 2 to 4 before
arrival, 70 to 80 % of the parcels are in the Atlantic Ocean. Five days before arrival,
30 % of the parcels are in the Pacific Ocean. Delaygue et al. (2000) suggested a larger
contribution from the Indian Ocean, 5 - 15 % compared to 0 - 5% in our results. This
is partly due to the size of their grid box (10°x 2°) and the displacement of their
DML grid box towards the south and east of our point (75 - 77 °S, 0 - 10 °E). The con-
tribution of the Southern Ocean calculated by Delaygue et al. (2000) is of the same
order of magnitude (~15 %), but the contribution of the Pacific Ocean is much larger,
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Figure 6.5. Percentage of the backward trajectories, started at AWS 9, with their source region in one
of the five regions defined in the text and Figure 6.1. (a) All trajectories are taken into account, (b) all
trajectories with snowfall, (c) all trajectories with more than 0.25 mmw.e. snowfall and (d) with more
than 0.5 mm w.e. snowfall in the 12 hours preceding arrival at AWS 9 are taken into account.

20 - 30 % compared to 0 - 5% in Figure 6.5. The contribution of the Atlantic Ocean
is the most important in both studies, but the amounts differ, 35 - 60 % compared
to 40 - 80 % in our results. In this analysis the assumption is made that all moisture
in the air parcel originates from somewhere along the five-days trajectories. Tak-
ing the moisture already in the parcel into account, the contribution of the Pacific
Ocean will probably increase due to the mean westerly flow, and the contribution
from the Atlantic Ocean decrease. The results would then better resemble the results
of Delaygue et al. (2000).

When the snowfall criterion is changed to 0.25 mm w.e. of snow in the 12 hours
preceding the parcel arrival (Figure 6.5¢c), 73 events (68.7 % of the accumulation) are
taken into account. The contribution of the Atlantic Ocean decreases to 40 - 50 %, 2
to 5 days before arrival. The contributions of the Southern Ocean and the Continent,
trajectories remaining close to or on the continent, increase with ~10% on each day
before arrival. Taking all snowfall events into account (223 events, Figure 6.5b) de-
creases the contribution of the Atlantic Ocean even further to 30 - 40 % and increases
the percentage of trajectories remaining over the continent to ~40%. When all tra-
jectories are taken into account results are completely different (Figure 6.5a). The
majority of the parcels now originate from the continent, ~20 % remains fairly close
to the continent in the Southern Ocean, 10 to 20% comes from the Atlantic Ocean
and the rest from the Indian Ocean. Almost none originates from the Pacific Ocean.
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Days back: 4
Height: 650 hPa

Figure 6.6. Locations of all trajectories 4 days before arrival at AWS 9 at 650 hPa for 1998. The
asterisk indicates the location of AWS 9, the squares are the positions of trajectories with more than
0.5 mmw.e. snowfall at arrival.

Figure 6.6 shows the position of all trajectories 4 days before arrival at AWS 9 at
650 hPa, in which the squares represent the positions of trajectories with more than
0.5 mm w.e. snowfall at arrival. The variability in both snowfall and non-snowfall
points is significant and becomes larger when going further back in time and when
the arrival height is higher. Almost all trajectories remain south of 40 °S within the
five days of trajectory calculation and none reaches farther north than 30 °S.

Assuming the origin of the moisture to be distributed along the five-day snow-
fall trajectories, the source region of the moisture in DML is most likely the Atlantic
Ocean (Figure 6.5). To be able to specify the source region more precisely the specific
humidity along the snowfall trajectories, the surface latent heat flux (LE) and the
surface temperature underneath the snowfall trajectories are determined. Figure 6.7
displays the temperature difference between trajectory level and surface, LE and the
specific humidity. LE shows a maximum ~4 days before arrival and increases (less
evaporation) when going towards the Antarctic. The specific humidity slightly in-
creases between 5 and 2.5 days before arrival. The mean trajectory height is ~200
hPa above the surface and the mean difference in surface temperature and potential
trajectory temperature is negative indicating stable conditions. When the tempera-
ture difference is negative and large in magnitude, vertical mixing is less likely and
the air parcel is not likely to interact with the surface. It is therefore difficult to asses
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Figure 6.7. (a) Mean temperature difference (surface temperature minus potential temperature) along
the snowfall trajectories. (b) Surface latent heat flux (defined negative when directed away from the
surface) averaged over all snowfall trajectories and (c) mean specific humidity at trajectory level. In (a)
and (b), error bars indicate 1 standard deviation from the mean.

whether the parcels are in the boundary layer and able to interact with the surface.
The temperature difference is smallest ~4 days before arrival which coincides with
the strongest evaporation (Figure 6.7a) and a small increase in specific humidity. The
largest snowfall events (with more than 1.0 mmw.e. in the 12 hours preceding ar-
rival) have their four-day origin between 40 ° and 50 °S.

From our results it follows that the most likely source region of snow in DML
is the Atlantic Ocean between ~40 and 60 °S. This is at the southern edge of source
regions defined by Petit et al. (1991) (30 - 40 °S) and Ciais et al. (1995) (20 - 40 °S) using
deuterium excess as an indicator and Peixoto and Oort (1992) based on atmospheric
water balance studies (8 - 40 °S). Our results are more in agreement with GCM stud-
ies which define source regions between 30 and 60 °S (Delaygue et al., 2000; Delmotte
et al., 2000). Our source region is to the north and over warmer seas compared to
oxygen isotope studies which define source regions between 55 and 60°S with sea
surface temperatures between 0 and 1 °C (Bromwich and Weaver, 1983). Our source
region has a wider meridional extend and sea surface temperatures may vary be-
tween 0 and 20 °C.
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Figure 6.8. Sea level pressure for 12 May 1998, 0.00 GMT. The dot indicates the location of AWS 9.

6.6 Case study: a major snowfall event in May 1998

In 1998, ~4 major snowfall events took place (Figure 6.2), that contributed ~80 %
of the total annual accumulation. The event in May 1998 was the most pronounced
event, with accumulation at all AWS except 7 and 8, and also in the ECMWEF analysis.
In general, snowfall in western DML is associated with the development of a cyclone
in the Weddell Sea area and a high-pressure ridge over eastern DML. The strong
north-easterly flow connected to this ridge in combination with the steep orography
of DML forces the air to rise and snowfall is generated. The event described here is
similar to the events described by Noone et al. (1999).

In May 1998, a significant amount of snow accumulated in DML varying from
~20 mmw.e. at AWS 1 and 4 to ~160 mmw.e. at AWS 2. The event started on
the 11th when a high pressure ridge extended sufficiently south to force depressions
towards the continent and away from their climatological track, parallel to the coast-
line (Figure 6.8). From the 11th to the 14th the northerly flow advects two depres-
sions with warm and moist air south towards the continent. After the 14th the ridge
moves east and breaks down rapidly.

Figure 6.9 shows the temperature, specific humidity, wind speed, wind direction,
pressure and accumulation measured at AWS 9 for 10 days in May containing the
event. The mean temperature in May is ~-50 °C. The temperature during this event
rapidly increases from -60 °C on 10 May to -24 °C on 13 May, which is exceptionally
high. Simultaneously, the specific humidity increases from almost 0 to 0.8 gkg™*.
The wind speed is also high, exceeding 15 ms™' compared to a monthly mean of
6.6 ms~!. The wind direction changes from north-east (50°), the direction of the
katabatic flow, to north (0°), in the direction of the large scale geostrophic flow. The
pressure increases to a maximum of 685 hPa showing the development of the high
pressure ridge. The temporary dips in pressure at 11 and 13 May are caused by
depressions. The surface height, a measure for accumulation, increases ~0.10 m at
12 May. Figure 6.9 additionally shows the ECMWEF records at the AWS location.
There is a good agreement between the records.
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Figure 6.9. Hourly mean (AWS) and 6 hourly variation (ECMWEF) of (a) temperature, (b) specific
humidity, (c) air pressure (d) wind speed, (e) wind direction and (f) accumulation at AWS 9 for the
snowfall event in May 1998. Closed circles present AWS data, open circles ECMWEF surface values. In
(f) the surface height is 0 m and the ECMWEF accumulation 0 mmw.e. at 1 January 1998.
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Figure 6.10. ECMWF fields for 13 May 1998, 12.00 GMT. (a) Forecast snowfall in the previous 6
hours in mmuw.e. (b) Height of the 500 hPa level in m plus the wind field in ms™" at the same height.
(c) The temperature at 850 hPa, shaded values exceed -12.5°C. The dot indicates the location of AWS
9. (a) Is a forecast field, (b) and (c) are analyses fields.
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Figure 6.10 is an example of the ECMWEF fields of the snowfall event at 13 May
1998, 12.00 GMT. Figure 6.10a shows that the snowfall is concentrated in an area
along the coast from 20°W to 20°E, parallel to the orography. All AWS are lo-
cated in the area with snowfall except AWS 3. Figure 6.10b shows the height of
the 500 hPa level and the wind vectors at that same level illustrating the large scale
flow. Clearly visible is the blocking high pressure ridge with its axis at 30 °E and the
strong northerly flow over western DML and the strong southerly flow over east-
ern DML. The warm air mass advected southwards can be identified in Figure 6.10c
as a tongue of high temperatures spreading southwards along the coast. In eastern
DML, where the flow is from the south, cold and dry continental air is advected
northwards.

From 11 until 14 May the air at AWS 9 was saturated from the surface up to
~600 hPa suggesting condensation in this area (Figure 6.11). Backward trajectories
were calculated for this event with the lowest three starting levels falling within this
layer. Figure 6.12 shows trajectories arriving at 13 May 12.00 GMT at AWS 9. It
shows that, independent of the arrival height at the AWS site, the transport pathway
is the Atlantic Ocean. The difference between the surface temperature and potential
temperature of the trajectory is smallest 4 days before arrival (9 May at 12.00) for the
lowest three trajectories (Figure 6.13a). At this day, the boundary layer is ~100 hPa
high topped by a saturated layer reaching the 750 hPa level. The air parcels are in
the saturated layer and probably able to interact with the surface. Surface evapora-
tion along the lowest three trajectories is strongest 3 to 4 days before arrival (9 to 10
May). The specific humidity of the air parcels gradually increases during these days
from ~0.5 to 3.5 gkg~'. The last two days before arrival the surface latent heat flux
is positive (condensation / deposition) and the specific humidity of the air parcels de-
creases. This suggests that the moisture source region for this event is likely to be
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Figure 6.12. Five-day backward trajectories starting at AWS 9 for 13 May 1998, 12.00 GMT at 6
different levels.

dominated by the area between 40 and 50 °S and 20 and 60 °W, in the Atlantic Ocean.
The sea surface temperature in this area is between 5 and 15 °C. The specific humid-
ity record suggests that ~50 % of the moisture arriving at AWS 9 originates from this
region.

6.7 Summary and conclusions

In this chapter we combined AWS data and trajectories to assess moisture sources for
the snow accumulated on the plateau in Western Dronning Maud Land, Antarctica,
in 1998. A distinction between snowfall and non-snowfall trajectories was made.
Substantial differences are found between accumulation measured at the AWS
sites and ECMWF precipitation estimates. These differences are probably caused by
the difficulty to distinguish precipitation from other processes in the measurements,
errors in ECMWF model orography and the fact that model snowfall represents the
mean of a grid cell rather than one location within the cell. The accumulation mea-
surements did not show any seasonality. The record is at present too short and the
number of events with substantial snowfall is too small (~4) to make any firm con-
clusions. However, the fact that the snowfall is not uniform or continuous over the
year has significant implications for identifying annual layers in data from ice cores.
A case study of a snowfall event in May 1998 shows that snow falls during ex-
treme weather conditions, which was also found by Noone et al. (1999). Trajectories
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Figure 6.13. (a) Temperature difference (surface temperature minus potential temperature) along the
trajectories starting at AWS 9 for 13 May 1998, 12.00 GMT at 3 different levels 5 days back. (b) Surface
latent heat flux averaged over all snowfall trajectories and (c) mean specific humidity at trajectory
level. (d) Mean vertical displacement in pressure of the snowfall trajectories, closed symbols are surface
pressure, open symbols trajectory pressure.

calculated for this event show a source region of the moisture dominated by the
western part of the Atlantic Ocean between 40 and 50 °S and 20 and 60 °W.

Considering all the trajectories shows that ~40 - 80 % of the snow that falls at
AWS 9 in 1998 originates from the Atlantic Ocean, ~10% from the Pacific Ocean
and almost none from the Indian Ocean. Based on trajectory height, temperature
difference, the surface latent heat flux and the specific humidity, the origin of the
moisture is most likely between 40 and 60 °S in the Atlantic Ocean where sea surface
temperatures vary between 0 and 20 °C. This is in agreement with results from GCM
studies (Delaygue et al., 2000; Delmotte et al., 2000).

Differences in source regions resulting from different studies do not necessarily
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contradict each other but could be the result of the different methods used. The ad-
vantage of GCMs is that moisture parcels are directly traced from evaporation point
to precipitation point and simulations of other climates than the present are possi-
ble. A disadvantage is the use of climatologies and the coarse resolution (order of
10°) to enable long time integrations and the loss of information about the trans-
port pathways. Deuterium excess and §'80 studies have the advantage to use the
actual composition of the snow. However, the idealized models used to determine
the source regions, are not able to account for the complexity of atmospheric pro-
cesses. Atmospheric water balance studies are the least suitable to determine source
regions for Antarctic snow. They merely show large regions with a net evaporation
or condensation surplus.

Air parecel trajectories have the advantage of using wind fields forced by obser-
vations with a fairly good resolution and air parcels are directly traced. A problem is
that not the moisture itself but an air parcel containing moisture is followed: possi-
ble replacement of moisture through cycles of condensation and evaporation along
the trajectory is not taken into account. The uncertainty in the trajectory calculations
contributes significantly to the uncertainty in the identified moisture source region.
The error estimates given in literature introduced by choice of trajectory type and
interpolation schemes are on the order of 1000 km or 9° (Kahl et al., 1989; Stohl et al.,
1995) when calculating 5 days back. The actual uncertainty is even larger due to er-
rors in the analysed wind fields and the presence of convective systems (e.g., fronts).
In a convective system the air parcel loses its identity making it impossible to trace
a single parcel deterministically. Calculation of an ensemble of trajectories can give
an impression 