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Abstract. A new comprehensive cloud–precipitation–

meteorological observatory has been established at Princess

Elisabeth base, located in the escarpment zone of Dronning

Maud Land (DML), East Antarctica. The observatory con-

sists of a set of ground-based remote-sensing instruments

(ceilometer, infrared pyrometer and vertically profiling pre-

cipitation radar) combined with automatic weather station

measurements of near-surface meteorology, radiative fluxes,

and snow height. In this paper, the observatory is presented

and the potential for studying the evolution of clouds and pre-

cipitating systems is illustrated by case studies. It is shown

that the synergetic use of the set of instruments allows for

distinguishing ice, liquid-containing clouds and precipitating

clouds, including some information on their vertical extent.

In addition, wind-driven blowing snow events can be dis-

tinguished from deeper precipitating systems. Cloud prop-

erties largely affect the surface radiative fluxes, with liquid-

containing clouds dominating the radiative impact. A sta-

tistical analysis of all measurements (in total 14 months

mainly during summer–beginning of winter) indicates that

these liquid-containing clouds occur during as much as 20 %

of the cloudy periods. The cloud occurrence shows a strong

bimodal distribution with clear-sky conditions 51 % of the

time and complete overcast conditions 35 % of the time.

Snowfall occurred during 17 % of the cloudy periods with a

predominance of light precipitation and only rare events with

snowfall > 1 mm h−1 water equivalent (w.e.). Three of such

intense snowfall events occurred during 2011 contributing

to anomalously large annual surface mass balance (SMB).

Large accumulation events (> 10 mm w.e. day−1) during the

radar-measurement period of 26 months were always associ-

ated with snowfall, but at the same time other snowfall events

did not always lead to accumulation. The multiyear deploy-

ment of a precipitation radar in Antarctica allows for assess-

ing the contribution of the snowfall to the local SMB and

comparing it to the other SMB components. During 2012,

snowfall rate was 110± 20 mm w.e. yr−1, from which sur-

face and drifting snow sublimation removed together 23 %.

Given the measured yearly SMB of 52±3 mm w.e., the resid-

ual term of 33± 21 mm w.e. yr−1 was attributed to the wind-

driven snow erosion. In general, this promising set of robust

instrumentation allows for improved insight into cloud and

precipitation processes in Antarctica and can be easily de-

ployed at other Antarctic stations.

1 Introduction

Knowledge of the Antarctic hydrological cycle is essential

in order to assess potential future changes of the Antarctic

surface mass balance (SMB), which is one of the factors

affecting global sea levels (IPCC, 2013; Gregory and Huy-

brechts, 2006; Krinner et al., 2007; Ligtenberg et al., 2013;

Rignot et al., 2011; Uotila et al., 2007; Van den Broeke et al.,

2011). Clouds are among the key components of the hy-

drological cycle, serving as the agents linking water vapour

transport into Antarctica with precipitation, determining its

amount and spatial distribution. Correct representation of
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cloud condensate amount and phase partitioning in climate

models is crucial for simulation of Antarctic precipitation

timing and spatial distribution, especially when orographic

effects are present (Wacker et al., 2009). Via their radiative

forcing, clouds also play a significant role in the Antarctic

surface energy balance affecting air and surface temperatures

and heat flux exchange of the snow surface with the air above

and deeper snow layers (Bintanja and Van den Broeke, 1996;

Van den Broeke et al., 2004; Van den Broeke et al., 2006;

Vihma et al., 2011). Bennartz et al. (2013) demonstrated a

dramatic example of cloud influence on the ice sheet sur-

face energy balance, where radiative forcing of the liquid-

containing clouds coupled with warm air advection was re-

sponsible for the surface melt on top of the Greenland ice

sheet in July 2012. Liston et al. (1999) pointed out that cloud

radiative forcing is a potential player in sub-surface melt wa-

ter production in the Antarctic near-coastal blue-ice areas.

The extreme environment and climate of the Antarctic ice

sheet both lead to unique cloud properties and poses signif-

icant difficulties in cloud and precipitation observations. In

polar latitudes, low temperatures favour formation of thin ice

clouds at all heights including near the surface during the

entire year as compared to their occurrence globally only in

the upper troposphere (Grenier et al., 2009; Bromwich et al.,

2012). Thin ice clouds can have an important effect on the

surface and top-of-atmosphere energy balance in the polar

regions (Girard and Blanchet, 2001; Lampert et al., 2009).

Further, mixed-phase clouds containing supercooled liquid

water at air temperatures as low as −38 to −40 ◦C (below

which homogeneous ice nucleation occurs) have been ob-

served over the Antarctic ice sheet during short measurement

campaigns (Lachlan-Cope, 2010; Walden et al., 2005). Lidar

measurements at the near-coastal Antarctic stations also indi-

cated frequent occurrence of liquid-containing clouds (Nott

and Duck, 2011). Presence of liquid water has an important

effect on cloud radiative properties by increasing cloud op-

tical thickness and long-wave (LW) emissivity (e.g. Turner

et al., 2007). It is also an important player in precipitation

formation favouring ice particle growth (Hogan et al., 2003a;

Morrison and Pinto, 2005; Shupe and Intrieri, 2004; Sun and

Shine, 1994). Identifying ice and liquid-containing clouds is

thus of high importance for understanding both precipitation

processes and energy balance over the Antarctic ice sheet.

Another important challenge in polar climate science is

to understand complex mechanisms controlling snow accu-

mulation at different time and spatial scales (Frezzotti et al.,

2007, 2013). In particular, this refers to attributing the lo-

cal and regional accumulation variability to the snowfall

and/or drifting/blowing snow. Local snow accumulation is

not necessarily driven by precipitation and at the same time

precipitation-driven accumulation can be greatly reduced

due to the drifting snow erosion (Das et al., 2013; Groot

Zwaaftink et al., 2013; Lenaerts et al., 2012a, b). Drifting

snow sublimation may also have a significant contribution to

the snow ablation especially in the high katabatic wind re-

gions (Gallée et al., 2001, 2005; Lenaerts et al., 2012a, b;

Thiery et al., 2012).

A new comprehensive observatory on cloud–

precipitation–meteorological interactions has been es-

tablished in the escarpment zone of Dronning Maud

Land (DML), East Antarctica, aiming to improve un-

derstanding of Antarctic cloud properties and different

components of the SMB. The observatory consists of a set

of basic and robust ground-based remote-sensing instru-

ments, namely, ceilometer, infrared pyrometer and vertically

profiling precipitation radar (presently the only precipitation

radar over the Antarctic ice sheet). In addition, an automatic

weather station (AWS) provides hourly mean near-surface

meteorology, surface radiative fluxes, 1 m snow temperature

profile and snow accumulation (Gorodetskaya et al., 2013).

While observatories including similar or more advanced

ground-based remote-sensing instruments, with long-term

measurements of cloud and precipitation properties, exist

in glaciated regions of mid-latitudes and in the Arctic (e.g.

Löhnert et al., 2011; Shupe et al., 2011), such observatories

have been lacking in Antarctica until now.

The specific combination of ground-based remote-sensing

measurements is intended to derive several key cloud and

precipitation characteristics, including the vertical structure

of clouds and precipitation, cloud base height and tempera-

ture, identification of ice-only and liquid-containing clouds,

and precipitation intensity. Further, the occurrence of ice

virga (precipitation not reaching the surface) and its associ-

ation with liquid cloud layers can be studied. The combina-

tion of the ground-based remote-sensing instruments with an

AWS allows for the study of cloud radiative forcing and at-

tributing snow accumulation to precipitation with a potential

to distinguish between local accumulation due to snowfall

or clear-sky drifting snow. The goal of collecting these data

is to perform detailed process-based model evaluation and

improve cloud and precipitation parameterisations, required

for Antarctic climate simulations (Gallée and Gorodetskaya,

2008; Wacker et al., 2009; Bromwich et al., 2012). Further-

more, the data can be used to evaluate and complement satel-

lite data from similar sensors (e.g. Maahn et al., 2014).

The present paper demonstrates the potential of the obser-

vatory by providing detailed case studies and presents statis-

tics of cloud and precipitation properties based on the avail-

able measurement periods during 2010–2013. In addition,

year-around radar snowfall measurements during 2012 are

used for snowfall analysis together with other SMB com-

ponents. It gives insight about the ice and liquid-containing

cloud properties, precipitation intensity and height, contri-

bution of snowfall to SMB, and occurrence of strong blow-

ing snow events. The paper is structured as follows: histori-

cal background related to cloud and precipitation measure-

ments is given in Sect. 2; the observatory and data post-

processing are described in Sect. 3; results are provided in

Sect. 4, which is subdivided into two parts: case studies and

The Cryosphere, 9, 285–304, 2015 www.the-cryosphere.net/9/285/2015/



I. V. Gorodetskaya et al.: Clouds and precipitation East Antarctica 287

long-term series analysis based on the available measurement

period; and conclusions are given in Sect. 5.

2 Historical background

Observations of clouds and precipitation in Antarctica can

be dated back to the first exploratory expeditions, most no-

tably year-round regular meteorological observations dur-

ing Adrien de Gerlache’s expedition on board RV Belgica

during 1898–1899 (de Gerlache, 1902) and Roald Amund-

sen’s expedition to the South Pole in 1910–1912 (Amund-

sen, 1912). During both expeditions, detailed information

on cloud amounts, types and snowfall was recorded (Arc-

towski, 1904; Mohn, 1915). The longest cloud and precip-

itation records in Antarctica (since 1950s) are available via

visual observations of cloudiness, cloud types, precipitation

and other weather phenomena at several year-round Antarc-

tic stations (Rusin, 1964; Averianov, 1990; Bryazgin, 1990;

Hahn and Warren, 2003; Turner and Pendlebury, 2004).

Since the beginning of the satellite era in 1979, cloud occur-

rence and some properties have been derived from passive

satellite observations; however, serious limitations were en-

countered over ice/snow surfaces (Berque et al., 2011; Laz-

zara et al., 2003; Town et al., 2007). The launch of active

sensors (lidar and radar) on the A-train satellites (Stephens

et al., 2002) marks another important step, especially for po-

lar cloud observations, providing vertical profiles of cloud

and precipitation microphysical and radiative properties (e.g.

Grenier et al., 2009; Winker et al., 2010; Devasthale et al.,

2011; Henderson et al., 2013). CloudSat’s radar measure-

ments provided an opportunity to estimate the climatology

of the Antarctic snowfall (Palerme et al., 2014). Despite

tremendous progress in cloud observations from space, lim-

itations in the characterisation of low-level clouds and pre-

cipitation persist: they can remain undetected by Cloud-

Sat’s radar (Marchand et al., 2008; Maahn et al., 2014),

while CALIPSO’s lidar is rapidly attenuated by cloud liq-

uid water, leaving no information on atmospheric features

occurring below the top of the liquid layer (Cesana et al.,

2012). Cloud fraction and optical thickness have also been

approximated using near-surface broadband LW radiation

measurements (Kuipers Munneke et al., 2011; Town et al.,

2007; Van den Broeke et al., 2006). Recently available ad-

vanced ground-based remote-sensing and airborne measure-

ment techniques provide valuable insights into cloud and

precipitation microphysical properties (e.g. Lachlan-Cope,

2010; Lawson et al., 2006; Morley et al., 1989; Walden et al.,

2003). These measurements, however, are usually limited

to short periods requiring significant maintenance efforts,

costs, and power/logistics demands. Ground-based remote-

sensing instruments, operated during different periods at var-

ious locations over the Antarctic ice sheet, provided valu-

able statistics about cloud and precipitation properties. In-

formation on cloud base height and phase has been ob-

tained from lidar measurements at various Antarctic loca-

tions (Del Guasta et al., 1993; Shiobara et al., 2003; Mahesh

et al., 2005; Nott and Duck, 2011). Ceilometers have been

mostly used for aviation reports at several Antarctic stations

(e.g. Halley, Neumayer, Novolazarevskaya, South Pole, Terra

Nova). Measurements at the South Pole during the entire year

of 1992 using ground-based infrared remote-sensing tech-

niques provided information on cloud base heights and op-

tical depths (Mahesh et al., 2001a, b). Observations of snow-

fall rate were collected year-round in 1989 at Syowa station

using ground-based radars and precipitation gauges (Konishi

et al., 1998). Bromwich et al. (2012) provided an extensive

overview of existing Antarctic cloud data from various mea-

surement techniques.

3 HYDRANT observatory

3.1 Overview

The Antarctic environment with its especially harsh condi-

tions and difficult accessibility calls for measurements us-

ing robust instruments requiring minimal maintenance, but

which still provide crucial information on cloud and precip-

itation properties on a long term. The HYDRANT project

(The atmospheric branch of the hydrological cycle in Antarc-

tica) tries to fulfil this demand with its set of ground-based

remote-sensing instruments providing high vertical and tem-

poral resolution of cloud and precipitation properties on the

long term combined with near-surface meteorological and

snow-accumulation measurements. The base for our mea-

surements is the Princess Elisabeth (PE) station built on the

Utsteinen Ridge, north of the Sør Rondane mountain chain,

in DML, in the escarpment zone of the East Antarctic plateau

(71◦57′ S, 23◦21′ E; 1392 m a.m.s.l., 173 km from the coast

(Fig. 1). Utsteinen Ridge is oriented in a north–south direc-

tion and has a length of 700 m, width of approximately 16 m

and protrudes ∼ 20 m above the surrounding snow surface

(Pattyn et al., 2010). Inaugurated in February 2009, the PE

base is designed as a zero-emission station relying mostly

on wind and solar power. Manned only during summer sea-

son (November–February), the station itself and the research

instruments are controlled remotely via a year-round satel-

lite connection. Such a concept minimizes local emissions,

which can be particularly important not only for boundary-

layer aerosol measurements but also for cloud properties

downwind due to the role of aerosols in cloud formation and

the relatively pristine Antarctic atmosphere.

The measurement site is characterised by a relatively mild

climate with a rather high frequency of synoptic events under

cyclonic influence and a lack of katabatic drainage of cold

air from the plateau due to mountain sheltering (Gorodet-

skaya et al., 2013). Strong easterly winds are associated with

synoptic regimes, while south-southeasterly relatively weak

winds are mostly of katabatic origins (Gorodetskaya et al.,

www.the-cryosphere.net/9/285/2015/ The Cryosphere, 9, 285–304, 2015
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Figure 1. The cloud–precipitation–meteorological observatory HY-

DRANT at the Princess Elisabeth base in East Antarctica. Shown

on the figure are the ceilometer, the infrared pyrometer, the verti-

cally profiling precipitation radar, the webcam with spotlight and

the automatic weather station (right lower inset). The middle inset

shows the location of the PE station on the Antarctic ice sheet (white

square) together with the orography (metres above sea level).

2013). The low katabatic wind speeds together with cloud-

free skies lead to significant surface cooling and building up

of strong near-surface temperature inversions (Thiery et al.,

2012; Gorodetskaya et al., 2013). The site has also large in-

terannual variability in snow accumulation (Pattyn and De-

cleir, 1993; Pattyn et al., 2010; Gorodetskaya et al., 2013),

which for the recent years has been attributed to the different

amount of atmospheric rivers reaching DML each year and

responsible for the occasional extremely high snowfall and

accumulation events (Gorodetskaya et al., 2014).

An overall description of the HYDRANT instruments and

their measurement periods are given in Table 1. Detailed

descriptions of the cloud and precipitation ground-based

remote-sensing instruments and their products are given in

Tables 2–4. The instruments include (i) a ceilometer (Ta-

ble 2), providing vertical profiles of atmospheric attenuated

backscatter coefficients from which one can derive cloud

base height, cloud vertical structure and information on cloud

phase; (ii) an infrared pyrometer (Table 3), providing effec-

tive cloud radiative temperature; (iii) a Micro Rain Radar

(MRR) (Table 4), providing vertical profiles of spectral sig-

nal power, from which one can derive effective reflectivity

Ze, mean Doppler velocity of the falling particles, and spec-

tral width. The MRR was originally designed to derive prop-

erties of rain (drop-size distribution, rain rate) using a re-

lation between drop sizes and fall speed. Recently, new al-

gorithms have been developed extending MRR application

to solid precipitation (Kneifel et al., 2011; Maahn and Kol-

lias, 2012; Colle et al., 2014). In addition, a webcam is in-

stalled on the PE roof facing the ground-based instruments

and Utsteinen nunatak, providing weather, cloud and instru-

ment monitoring (Table 1, Fig. 1). The present study is based

on the data obtained during 2010–2013 with 14 months of

cloud measurements mainly during austral summer through

beginning of winter and 26 months of snowfall measure-

ments including 1 entire year (see Table 1 for exact periods

of data availability). Measurements presently continue and

efforts are made to prevent power failures at PE base that

have interrupted winter cloud measurements until now.

Cloud and precipitation measurements are combined with

AWS measurements providing hourly data on the near-

surface air temperature and relative humidity with respect

to ice (RHi), wind speed and direction, pressure, incoming

and outgoing LW and short-wave (SW) radiative fluxes, 1 m

snow temperature profile and net snow height changes from a

sonic snow height ranger (Table 1). Yearly snow density pro-

file measurements in a 1 m snow pit (Table 1) are performed

every summer season in the AWS vicinity to convert mea-

sured snow height changes to water equivalent (w.e.). Snow

density varies with depth and the measured density profiles

are used to calculate the average snow density over the depth

corresponding to the previous year’s accumulation. Gorodet-

skaya et al. (2013) provided detailed information about the

AWS instruments and data processing, including snow den-

sity measurements.

The project website (http://ees.kuleuven.be/hydrant) con-

tains raw data quick looks, information about the instruments

and measurement campaigns, as well as information about

available data products. Data are stored as NetCDF files and

are freely available upon request via the project website.

3.2 Remote-sensing data and post-processing methods

All remote-sensing instruments are installed next to each

other on the PE base roof pointing vertically (Fig. 1). Such

installation avoids obstacles in the field of view and ensures

that different instruments observe an as close as possible vol-

ume (see Tables 2–4 for the instruments fields of view). Lo-

cation on the roof of the base about 10 m above the ridge

also minimizes the instrument view obscurance by shallow

drifting snow.

Ceilometer

The ceilometer (Vaisala CL31), is a single wavelength lidar

system without polarisation with emitted laser pulse wave-

length of 910 nm (Table 2, Fig. 1). It reports the attenu-

ated backscatter profile (βa = β(z)τ
2(z), s r−1 m−1), derived

using the lidar equation by the Vaisala processing system

(Münkel et al., 2006; Pal et al., 1992). Here β(z) is the true

backscatter coefficient at distance z for the wavelength of

the emitted laser pulse, and τ 2(z) is the two-way attenua-

tion of the lidar signal due to the transmittance of the at-

mosphere between the lidar and the scattering volume. Use-

ful reported βa profile ranges from 10 up to 7700 m above

The Cryosphere, 9, 285–304, 2015 www.the-cryosphere.net/9/285/2015/
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Table 1. Overview of the HYDRANT instruments: raw measured data, derived parameters, location and continuous measurement periods

used for analysis (with data gaps < 3 days) until 31 December 2013.

Instrument Raw data Derived parameters Location and measurement period

Ceilometer Attenuated Cloud base height PE base roof;

backscatter vertical and vertical extent; 1/2–30/3/2010;

profiles (s r−1 m−1) cloud phase, 13/1–10/4/2011;

optical depth 14/12/2011–12/3/2012;

1/1–16/05/2013; 3–31/12/2013.

Infrared Atmospheric Effective cloud PE base roof;

radiation brightness base temperature 15/2–24/2/2010; 13/1–10/4/2011;

pyrometer temperature (◦C) 1/1–12/3/2012;

1/1–16/05/2013; 8–31/12/2013.

Micro Rain Spectral signal Effective reflectivity, PE base roof;

Radar power (mW) per spectral width, 18/01–31/3/2010;

range mean Doppler 10/12/2010–10/04/2011;

velocity 4/12/2011–16/5/2013;

4–31/12/2013.

Automatic Near-surface air temperature, RH with respect to ice, 300 m east of PE base;

Weather relative humidity (RH), pressure, specific humidity, 2/2–21/11/2009;

Station wind speed and direction, surface albedo, 12/1–19/10/2010;

up/down radiative fluxes, surface temperature, 9/12/2010–31/12/2013.

height above snow, snow accumulation

snow temperature profile

Webcam Jpeg images at Weather and PE base roof (facing south);

Mobotix 1 min time res; instrument 29/1–10/4/2011;

M24 70 k res. monitoring 14/12/2011–12/3/2012;

1/1–16/05/2013; 3/12–31/12/2013.

Snow pit 1 m profile of snow Snow density profile, Within 1 km east of AWS;

equipment density, temperature, snow metamorphism once a year (Dec/Jan)

and crystal size/shapes

ground level (a.g.l.) with 10 m vertical resolution. The re-

ported βa includes range normalisation by multiplying the

received ceilometer power with z2. It also includes sensitivity

normalisation by calibrating the signal with the instrument-

specific factors (Münkel et al., 2006). Percentage of the win-

dow transmission is continuously reported and except for

strong snowfall events it has been > 99 % maintained by

window ventilation and heating. The final Vaisala raw mea-

surement profile of βa (at 15 s temporal resolution) con-

tains noise reduction by summing multiple high-frequency

backscatter pulses.

Cloud/precipitation occurrence and base height are iden-

tified using the polar threshold (PT) algorithm developed

specifically for polar regions (Van Tricht et al., 2014). The

algorithm identifies the lowest boundary of a hydrometeor

layer including optically thin clouds and precipitation ice lay-

ers, frequently observed at low levels. Although the ceilome-

ter does not have polarisation capability, which would pro-

vide direct information on the cloud phase, the high backscat-

ter coefficient of the liquid-containing layers together with

the rapid extinction of the lidar signal makes it possible to

distinguish the liquid-containing clouds as geometrically thin

but highly reflective layers (Hogan et al., 2003b). Hogan et al.

(2003b) and O’Connor et al. (2004) showed that mid-latitude

clouds most likely contain liquid if their optical depth ex-

ceeds 0.7 and the peak value of βa from a 905 nm ceilome-

ter is greater than 10−4 s r−1 m−1. Here we exclude snowfall

profiles using MRR measurements (Section 4.2.1) before ap-

plying the same threshold to ceilometer βa to identify liquid-

containing clouds.

Infrared pyrometer

The infrared radiation pyrometer (Heitronics KT15.82II) is a

passive radiometer measuring the downward radiance within

the 8–14 µm atmospheric high-transmittance spectral win-

dow (Table 3). Atmospheric transmittance ranges from 20 %

at the edges up to 80 % within the spectral window in the

standard atmosphere (and even higher in Antarctica), thus

minimising the absorption due to water vapour, carbon diox-

ide and ozone. The pyrometer is installed in a heated wooden

www.the-cryosphere.net/9/285/2015/ The Cryosphere, 9, 285–304, 2015
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Table 2. Specifications of the HYDRANT ceilometer.

Instrument Vaisala CL31 ceilometer

Centre wavelength 910± 10 nm at 25 ◦C

Operating mode Pulsed,

energy per pulse= 1.2µJ± 20 %

Pulse repetition rate 10.0 kHz

Average emitted power 12 mW

Beam divergence ±0.4 mrad edge,

±0.7 mrad diagonal

Field-of-view divergence ±0.83 mrad

Measurement resolution 10 m (selectable from 10 or 5 m)

Measurement range 10–7700 m

Reporting interval 15 s

(selectable from 2 to 120 s)

Measurement interval 2 s default

(3 s in high-resolution mode)

Environment conditions between −40 and +60 ◦C, to 100 % RH,

up to 50 m s−1 wind speed

Minimum recorded beta 10−8 s r−1 m−1

Power consumption 310 W (total typical)

Protection/shielding Optical unit is installed inside

a white protective shield with

automatic lens ventilation

(with heating) and internal heating

Table 3. Specifications of the HYDRANT infrared pyrometer.

Instrument Heitronics KT15.82 II

Infrared Radiation Pyrometer

Spectral response 8–14 µm

Lens K6, detector type A,

material Ge

Temperature measuring range −100–+50 ◦C

Temperature resolution 0.15 ◦C at T − 25 ◦C

(emissivity 1, response time 1 s) 0.05 ◦C at T + 20 ◦C,

Accuracy (uncertainty) ±0.5 ◦C+0.7 %

of the difference between

target and ambient temperature

Optical field of view (f-120 mm) 18 mm

at 1 mm distance from lens

300 mm

at 8 m distance from lens

Sample rate 5 Hz

Operational temperature range between −20 and +60 ◦C

Protection/shielding Wooden protective housing with

inside temperature at +15 ◦C

and continuous lens ventilation

box with continuous lens ventilation to prevent lens contam-

ination and blockage due to snow (Fig. 1).

For optically thick clouds the pyrometer temperature (Tpyr,
◦C) is determined by the infrared emission within the low-

est part of the cloud. Though this is typically slightly colder

than the temperature at cloud base, compensation by atmo-

spheric emission below cloud base allows us to approximate

Tpyr as being equal to the cloud base temperature. At the

same time, for clouds residing within a temperature inver-

sion, as frequently occurring in both polar regions (e.g. Ma-

hesh et al., 2001a, b; Sedlar et al., 2012), the cloud emit-

Table 4. Specifications of the HYDRANT Micro Rain Radar.

Instrument METEK Micro Rain

Radar 2 (MRR)

Operating mode FMCW∗ Doppler

Spatial coverage Vertically profiling

Centre frequency 24.23 GHz (λ= 1.24 cm)

Frequency modulation 0.5–15 MHz range

resolution dependent

Nominal transmit power 50 mW

Antenna dish Offset parabolic

dish, ∅= 60 cm

Beam width (two-way, 6 dB) 1.5◦

Measurement range 100 m–3.1 km

(at 100 m resolution)

Measurement resolution 100 m

(selectable from 30 m to 300 m)

Reporting interval 10 s

Environment conditions Operational between

−40 and +60 ◦C;

wind speeds up to 45 m s−1

Power consumption 25 W

Installation set up Natural ventilation of the

antenna dish; no antenna heating

∗ Frequency-modulated continuous-wave

ting layer is shifted towards the cloud top, in which case Tpyr

will exceed the cloud base temperature. Rathke et al. (2002)

showed overall good correspondence between the effective

cloud radiative temperatures obtained from the geometric

and spectral methods versus the lidar/radiosonde values of

cloud base temperatures for Arctic stratus clouds. Deviations

were attributed mostly to cloud inhomogeneity, in particu-

lar variable cloud water content, and to presence of strong

in-cloud temperature gradients. For optically thinner clouds,

both the temperature profile and variable cloud optical thick-

ness strongly influence cloud emitted radiances and therefore

the observed Tpyr. Measurements in Antarctica show pre-

dominance of optically thin clouds (cloud optical depth< 1)

over the Antarctic plateau (Mahesh et al., 2001b), and fre-

quent optically thick clouds at the Antarctic coast (Ricchiazzi

et al., 1995). Here, we use raw Tpyr measurements at 1 min

temporal resolution without distinguishing between optically

thin and thick clouds.

Precipitation radar

The radar (METEK MRR-2) is a frequency-modulated

continuous-wave vertically profiling Doppler radar, transmit-

ting at 24 GHz frequency (λ= 1.24 cm) by a 50 mW solid

state transmitter and focused by a 60 cm offset parabolic

antenna (Table 4; Fig. 1). The low power consumption of

MRR makes it suitable for installation at PE and other re-

mote regions. Antenna heating was not used at PE due to

the inefficiency in flushing down of melted snow particles of
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rather small size and the risk of the antenna dish glaciation

during the unmanned winter period. Instead, the MRR was

installed such that to assure natural ventilation of the antenna

dish, which proved to be efficient as snowfall at PE is almost

always accompanied by strong winds. Occasional formation

of a thin snow layer causes no disturbance to the measure-

ments as attenuation by dry snow is very weak in the K-band

(Matrosov, 2007).

Maahn and Kollias (2012) improved the MRR raw signal

processing for solid precipitation, providing reliable values

of radar effective reflectivity (Ze, mm6 m−3, expressed also

in dBz= 10log10Ze), mean Doppler velocity (m s−1) and ve-

locity spectral width (m s−1), the latter characteristic of tur-

bulence and variability of fall speed due to particle form and

size. Useful reported precipitation profiles range from 400

up to 3000 m a.g.l. with 100 m vertical resolution. Sensitiv-

ity down from −8 to −3 dBz , depending on range, allows

the MRR to detect rather weak precipitation-size particles,

but is insensitive to small cloud particles. MRR sensitivity

near the surface is close to the commonly used threshold of

−10 dBz to identify precipitation from 35 GHz radar (Wang

and Sassen, 2001).

Photographs of the fallen snow crystals at PE in Febru-

ary 2010 and January 2011 revealed a maximum size of 0.5–

0.8 mm, represented mostly by dendrites, columns, capped

columns and rosettes. This is comparable to the snowfall

particle shapes and sizes (0.03–0.6 mm) measured at other

Antarctic locations (Gay et al., 2002; Konishi et al., 1998;

Lachlan-Cope et al., 2001; Walden et al., 2003). The to-

tal echo power is dominated by the largest particles accord-

ing to the Rayleigh scattering regime, although some of the

larger falling snow particles might slightly deviate from pure

Rayleigh scattering at MRR wavelength (Field et al., 2005;

Kneifel et al., 2011).

In addition to snowfall, MRR can also detect ice virga,

defined as streaks of ice particles falling out of a cloud but

evaporating before reaching the earth’s surface as precipita-

tion (AMS, 2014). Ice virga below mid-latitude altocumu-

lus clouds is characterised by rather low number concen-

trations of ice crystals with particle sizes ∼ 0.15–0.25 mm

and 35 GHz radar Ze ranging between−20 and 0 dBz (Wang

et al., 2004; Westbrook and Illingworth, 2013). While MRR

misses the most feeble precipitation (virga or snowfall) with

Ze <−8 dBz, its sensitivity is sufficient to detect typical pre-

cipitation at the site.

In order to compare with snow accumulation on the

ground, we use Ze at 400 m a.g.l. to derive hourly mean

snowfall rate (S, mm w.e. h−1). Variability in snow particle

shapes, size distributions, densities, and fall velocities re-

sults in large uncertainty in the Ze–S relationships. We cal-

culate S range using nine relationships derived for dry (un-

rimed) snowfall and typical snow particle shapes for 34.6–

35 GHz radar frequency (Table 5). Six relationships were de-

rived by Matrosov (2007) for aggregate snowflakes modelled

as spheroids of variable aspect ratio, mass and fall veloc-

Table 5. Ze–S relationships (Ze in mm6 m−3, S in mm w.e. h−1)

for dry (unrimed) snow for various snowfall particle shapes and pa-

rameters.

Ice habit Ze–S

or parameters relationships

Three-bullet rosettes ∗ Ze = 24.04S1.51

Aggregates ∗ Ze = 313.29S1.85

Low-density spheres ∗ Ze = 19.66S1.74

Aggregate spheroids ∗∗ Ze = 56S1.2

- increasing r∗∗ Ze = 34S1.1

- increasing (decreasing) m∗∗ Ze = 66S1.2 (Ze = 48S1.2)

- increasing (decreasing) V ∗∗t Ze = 46S1.2 (Ze = 67S1.2)

∗ Relationships derived by Kulie and Bennartz (2009) using different ice habit

models and their backscattering characteristics at 35 GHz; ∗∗ Relationships

derived by Matrosov (2007) for aggregated snowflakes approximated as spheroids

using various assumptions on particle radius (r), mass (m)–size relations, and fall

velocity (Vt )–size relations at 34.6 GHz.

ity. Furthermore, Kulie and Bennartz (2009) derived Ze–S

relationships for a large ensemble of snow particle habits

and size distributions to obtain global estimates of snow-

fall rate from satellite radar data. They selected three rela-

tions (for aggregates, three-bullet rosettes and low-density

spherical snow particles), which they found to represent best

the overall uncertainty range of their particle ensemble. All

chosen relationships are representative of dry snowfall (i.e.

snow particles are not significantly rimed or melted) and

their scattering models of particle habits and sizes are very

similar to observed particles at various Antarctic locations,

e.g. Syowa and South Pole (Konishi et al., 1998; Walden

et al., 2003). Thus, we assume that the expected S value

lies within the predicted range. To reduce the uncertainty,

measurements of snow particle shapes and sizes are required

during each snowfall. The uncertainty of applying Ze–S rela-

tionships derived for 35 GHz radar to 24 GHz MRR is negli-

gible for small snow particles typically occurring in Antarc-

tica (Kneifel et al., 2011).

4 Results

4.1 Case studies

4.1.1 Synoptic evolution

In order to demonstrate the complementary nature of HY-

DRANT measurements and their utility for detailed process

studies, this section presents analyses of several cases repre-

sentative for different cloud and precipitation types (liquid-

containing clouds, ice clouds, ice virga, and precipitation to

the surface) that occurred during the week of 6–13 Febru-

ary 2012. Using the European Centre for Medium-Range

Weather Forecasts Interim re-analysis data (ERA-Interim)

(Dee et al., 2011), local measurements are analysed in re-
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Figure 2. Webcam sky images at specified day and UTC time (left)

and maps of corresponding daily mean sea level pressure (con-

tours) and 10 m wind speed and direction (arrows) from ERA-

Interim re-analysis data (right) during (a) 7 February 2012 (case 1),

(b) 10 February 2012 (case 2), and (c) 13 February 2012 (case 3).

The white square indicates the position of PE base. See also web-

cam movies for each case in the Supplement.

lationship to synoptic weather systems and their temporal

evolution. Meteorological regime classification for each case

follows the method of Gorodetskaya et al. (2013).

During the whole week of 6–13 February 2012, PE was

under the influence of passing cyclones with three distinct

cases characterised by various cloud and precipitation prop-

erties. Figure 2 shows the synoptic situation evolution and

local weather at PE captured by the webcam (see also Sup-

plement for the movies produced using 1 s webcam images).

The beginning of the period (6–7 February) was associated

with a wide low pressure system centred at 65◦ S, 20◦W (east

of the Weddell Sea), and was characterised by stratocumu-

lus cloud appearance at PE (Fig 2a; case 1). On 10 Febru-

ary, the cyclone extended with its eastern flank reaching

30◦ E, while the centre remained almost at the same posi-

tion (68◦ S, 20◦W). A high-pressure ridge blocking on the

east was steering a strong moisture flow into the DML re-

sulting in two intense snowfall events at PE (Fig 2b; case 2).

The webcam images during this case show an overcast sky

and reduced visibility. Finally, on 13 February 2012 the cy-

clone centre moved to 8◦ E (King Haakon VII Sea) bring-

ing ice and liquid-containing clouds with virga and a weak

snowfall to PE (Fig 2c; case 3). The webcam image around

01:00 UTC on this day shows the arrival of overcast condi-

tions with the night sun visible in a small opening at the hori-

zon (Fig 2c). We finish the process studies with a separate

case on 8 April 2013 demonstrating a strong blowing snow

event during a cloud-free katabatic regime day (case 4).

4.1.2 Case 1: liquid-containing clouds

On 6–7 February 2012, persistent liquid-containing stratocu-

mulus clouds were observed over PE for almost 30 h with

an important impact on radiative fluxes. Ceilometer mea-

surements reveal a two-layer cloud structure (Fig. 3a): a

thin highly reflective layer with βa > 10−4 s r−1 m−1, in-

dicating the presence of liquid, occurred at 2–2.5 km a.g.l.

height, with an intermittent ice layer below (10−6.5 < βa <

10−5 s r−1 m−1) extending down to 500 m a.g.l. Such mixed-

phase cloud structure consisting of a liquid-containing layer

on top with an ice layer below is frequently observed in mid-

latitudes and in the Arctic (Gayet et al., 2009; Shupe et al.,

2006; Verlinde et al., 2007; Wang et al., 2004; Westbrook and

Illingworth, 2013). The lower ice part of the cloud was not

detected by MRR, indicating that the ice layer was charac-

terised by small non-precipitating particles (Fig. 3b, c). The

mixed-phase cloud had a strong effect on Tpyr, which was

peaking between−30 and−20 ◦C during the cloud presence

compared to −80 ◦C during clear-sky periods (Fig. 3d). The

highest Tpyr observed at around the same time (13:00 UTC)

on both 6 and 7 February was associated with a liquid cloud

layer; however, on 6 February the liquid layer was located

at lower elevation (1.8 km a.g.l.) compared to 2.6 km a.g.l. on

7 February. The extended layer of ice observed below the liq-

uid layer on 7 February occurred together with a substantial

increase in Tpyr (Fig. 3d).

A strong impact on surface radiative fluxes and conse-

quently on surface and air temperature is one of the important

characteristics of liquid-containing clouds over the Antarc-

tic ice sheet. The increase in the surface incoming LW flux

(LWin) is tremendous: from 160 W m−2 during clear sky up

to 240 W m−2 during the cloud presence. Changing cloud

properties cause significant variability in the cloud radiative

effect: the increase in elevation of the liquid-containing layer

from 1.8 to 2.5 km a.g.l. lead to ∼ 20 % decrease in LWin

(Figs. 3a and 4a). At the same time, LWin increases again

during the presence of an extended ice layer below the liq-

uid layer after 12:00 UTC on 7 February. Simultaneously en-

hanced ice production below a liquid layer and increased Tpyr

and LWin could be manifestations of increased cloud liquid

water path. Liquid-containing cloud strongly increased LWin

and reduced net SW (up to 20 W m−2 difference at noon

UTC). This resulted in a rather smooth daily cycle of the

near-surface air temperature with warmer nights and colder

days (Fig. 4c).

4.1.3 Case 2: frontal clouds and intense snowfall

From 8 to 11 February 2012, ceilometer and MRR profiles

(Fig. 3a–c) show cloud and precipitation properties typi-

cal of a warm frontal system passage resulting in the noon

near-surface air temperature increase from −10 ◦C before

the storm up to −5 ◦C afterwards (Fig. 4c). First, optically

thin ice cirrus clouds appear near 6 km a.g.l. in the very end
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Figure 3. Cloud and precipitation properties derived from ground-

based remote-sensing instruments during the case studies period

6–13 February 2012: (a) ceilometer attenuated backscatter pro-

files, (b) MRR radar effective reflectivity profiles, (c) MRR mean

Doppler velocity profiles, and (d) infrared pyrometer temperature.

Horizontal blue lines depict the MRR profile limits from 400 to

3100 m a.g.l. Vertical black lines delimit cases.

of 8 February followed by the arrival of mid-level clouds

(possibly altrostratus) on 9 February decreasing in height

and producing a virga and shortly after an intense snowfall

to the ground completely attenuating the ceilometer signal

(Fig. 3a). MRR Ze profiles show that precipitation extended

at least up to 3 km a.g.l. (Fig. 3b and c). Despite the ceilome-

ter signal attenuation by snowfall, it can be used to extend

the MRR-derived precipitation profile starting at 400 m a.g.l.

down to the surface (see the ceilometer signal below the hor-

izontal blue line near the surface in Fig. 3a). During the pre-

cipitation gap from 9 to 10 February, low-level mixed-phase

clouds became visible, followed by another intense and deep

snowfall in the afternoon of 10 February. On 11 February, the

snowfall weakened, followed by low-level virga layers and a

short period of low-level ice clouds (with upper boundaries

below 2 km a.g.l.) ending in a clear-sky afternoon.

The Tpyr shows high sensitivity to cloud and precipitation

occurrence (however, during snowfall signal disturbances are

expected) (Fig. 3d). Appearance of thin ice clouds above

3 km a.g.l. on 8 February preceding the storm results in a

Tpyr jump up to −45 ◦C (Fig. 3d) with a 20 W m−2 increase
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Figure 4. Hourly meteorological parameters during the case studies

period 6–13 February 2012: (a) incoming long-wave (LW) and net

short-wave (SW) fluxes, (b) wind speed (WS), wind direction (indi-

cated by “hockey sticks”), and local pressure (P ), (c) near-surface

air temperature (T ) and relative humidity with respect to ice (RHi),

and (d) snow height relative to 1 January 2012, 00:00 UTC.

in LWin (Fig. 4a). This shows the potential of the observa-

tory to investigate the radiative importance of optically thin

high-level cirrus clouds, despite the decrease of ceilometer

sensitivity with height (Van Tricht et al., 2014).

The observed cloud and precipitation properties cause a

large variability of LWin with an increase up to 255 W m−2

during low-level cloudiness and precipitation, and an almost

2-fold reduction in the net SW flux during the peak insola-

tion hours (Fig. 4a). Periods of snowfall occurred together

with intensified wind speeds and wind direction changing

from southerly to easterly (Fig. 4b), which is characteris-

tic of a synoptic weather regime at PE (Gorodetskaya et al.,

2013). The increase of RHi to 100 % provides an additional

indication of snow present in the boundary layer (Fig. 4c).

The snowfall periods were determined based on the MRR

Ze observations at 400 m a.g.l. level exceeding−8 dBz: from

12:00 UTC to 00:00 UTC of 9 February for the first and

11:00 UTC 10 February to 06:00 UTC 11 February for the

second snowfall event. Significant snow accumulation (up to

30 mm w.e. during the first snowfall period and 40 mm w.e.

during the second snowfall) was followed by snow removal
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resulting in zero total accumulation over the 3-day period

(Fig. 4d). Snow removal was associated with strong winds

with hourly mean wind speed up to 12 m s−1 (Fig. 4b).

4.1.4 Case 3: frontal clouds, virga and weak snowfall

The case on 12–14 February 2012 highlights the role of

liquid-containing clouds in precipitation formation and ra-

diative forcing. Similarly to case 2, ceilometer and MRR

profiles (Figs. 3a–c) show cloud and precipitation proper-

ties typical for a warm frontal system passage: it starts with

arrival of high-level optically thin ice cirrus around noon

of 12 February, causing an increase in Tpyr from −80 ◦C

to −40 ◦C. Further cloud properties are somewhat different

from case 2: mid-level clouds with virga last longer, with de-

creasing cloud base height, thickening into a low-level nim-

bostratus (Ns) cloud bringing weak snowfall. The Ns cloud

was characterised by formation of a geometrically thin and

highly reflective layer (with βa > 10−4 s r−1 m−1) indicating

the presence of liquid at 1.5 km a.g.l. and an increase in Tpyr

up to −20 ◦C (Fig. 3d).

In the morning of 13 February, radar Ze (Fig. 3b) shows

higher vertical extent (at least up to 3 km) compared to the

ceilometer βa (Fig. 3a). The latter is attenuated by the opti-

cally and geometrically thick layer of ice virga with Ze up

to 15 dBz and Doppler velocities < 1 m s−1. This is in con-

trast to the relatively low Ze of the snowfall in the afternoon

(< 5 dBz) and larger Doppler velocities (up to 2 m s−1), in-

dicating the presence of significantly fewer and somewhat

larger particles (probably due to aggregation). Wind speed is

decreasing from > 10 m s−1 down to negligible values in the

afternoon (Fig. 4b), which could have assisted larger Doppler

velocities favouring precipitation reaching the ground.

The hydrometeor layer after 18:00 UTC on 13 February

contains precipitating ice crystals as indicated by the high

radar Ze and Doppler velocities of ∼ 1 m s−1 (Fig. 3b and

c). The high ceilometer βa (Fig. 3a) could be caused either

by the presence of liquid within this cloud or by specular re-

flection of horizontally oriented plate crystals (Hogan et al.,

2003b; Thomas et al., 1990). The fact that Tpyr is decreasing

(Fig. 3d) supports the hypothesis of the ice dominance in this

cloud system, which likely resulted in reduced emissivity. At

22:00 UTC, high βa within a geometrically thin layer and

no significant MRR signal indicate the presence of a liquid-

containing cloud replaced shortly afterwards with ascending

mid-level ice layers (Fig. 3a). With the appearance of this

short-lived thin highly reflective layer, Tpyr increases again to

−20 ◦C, supporting the presence of liquid water with cloud

emissivity probably approaching 1, and counteracting the ef-

fect of the 1 km increase in the cloud base height (Fig. 3a and

d).

Changing cloud properties exhibit a strong influence on

LWin (as high as 240–260 W m−2 during cloudy conditions;

Fig. 4a). Near-surface air temperature is nearly constant at

−10 ◦C during the entire day (Fig. 4c). During the snow-

Figure 5. Cloud-free blowing snow event on 8 April 2013

(case 4): (a) 15 s ceilometer raw attenuated backscatter profiles, and

(b) hourly mean wind speed and incoming LW flux.

fall event at 16:00 UTC, easterly winds up to 10 m s−1 slow

down and change to southerly direction (Fig. 4b). Such wind

behaviour demonstrates a transition from a synoptic regime

(a storm under cyclonic influence) to a katabatic regime

(southerly flow from the Antarctic interior with rather quiet

wind speeds due to the mountain sheltering; Gorodetskaya

et al., 2013). Small snow height variability throughout the

day is associated with wind deposition/removal (in the ab-

sence of snowfall to the ground) and showing insignificant

accumulation of snow after the snowfall event (Fig. 4d).

4.1.5 Case 4: cloud-free sky blowing snow

A special case on 8 April 2013 shows a strong blowing snow

event occurring during cloudless conditions, which is a rare

and extreme event at PE, where katabatic winds are usually

rather weak being sheltered by the mountain range (Gorodet-

skaya et al., 2013; Thiery et al., 2012). The webcam movies

during the daylight confirm clear-sky conditions and show a

strong blowing snow event (see in the Supplement). In order

to capture the details of the event, raw ceilometer βa profiles

were investigated (Fig. 5a). The noise reduction and aver-

aging used for cloud and precipitation recognition removes

most of the clear-sky blowing snow layers and is not applied

for this case.

Figure 5a shows snow particle presence in the lowest

100 m in the beginning of the day with the blowing snow-

layer height increasing progressively during the day together

with the increase in wind speeds (Fig. 5b). The largest βa
values are observed near the surface diminishing with height

until they reach low background magnitudes with high noise.

The peak of the blowing snow-layer height up to 500 m

occurs at 21:00–22:00 UTC when the hourly mean wind

speed measured by the AWS increases up to 21 m s−1. Low
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LWin values observed during this day (140 W m−2, Fig. 5b)

are representative of a cold katabatic regime with clear-sky

conditions (Gorodetskaya et al., 2013). The observed wind

speeds by and large exceed the threshold needed for lifting

snow from the ground up to significant heights according to

observational and modelling studies (on average ∼ 8 m s−1,

depending on snow properties) (Bintanja, 1998; Leonard

et al., 2012).

The MRR detects no signal during this day, confirming

that the blowing snow is limited to a shallow layer near

the surface (< 500 m a.g.l.), while precipitation is expected

to originate from much higher layers (Fig. 3b). Thus, the

ceilometer signal strongest in the near-surface layers and de-

creasing with height, combined with low LWin values, high

near-surface wind speeds and absence of the MRR signal,

can be used to distinguish cloud-free blowing snow events

from snow falling from a cloud. Here we show only one ex-

ample; further, analysis applied to longer time series and also

to other ceilometer locations can produce valuable statistics

on the clear-sky blowing snow heights. Observations at the

South Pole using a micro-pulse lidar (Mahesh et al., 2003)

showed an average blowing snow height of ∼ 400 m a.g.l.,

with half of the cases up to 200 m and occasional events

reaching > 600 m (based on 11 months of measurements in-

cluding summer and winter months). Using satellite-based li-

dar data, Palm et al. (2011) found an average depth of 120 m

and a maximum of 1 km for all detected clear-sky blowing

snow events over the entire Antarctic ice sheet.

4.2 Statistics of cloud and precipitation properties

4.2.1 Combining ceilometer and radar profiles

In addition to case studies, we provide a compilation of basic

cloud and precipitation statistics derived from the remote-

sensing instruments based on the available measurement

periods during 2010–2013 (14 months of cloud measure-

ments mainly during summer through beginning of winter

and 26 months of snowfall measurements including an en-

tire year; see Table 1). First, ceilometer βa profiles were pro-

cessed to exclude noise and clear-sky values using the PT al-

gorithm described by Van Tricht et al. (2014). This allowed

isolation of the profiles with cloud and/or precipitation at the

original 15 s temporal resolution. Further, βa profiles were

averaged over 1 min and collocated with MRR Ze profiles.

Finally, cloudy profiles with snowfall were identified using

a condition Ze >−8 dBz at 400 m a.g.l. continuously dur-

ing 10 min. Cloudy profiles with liquid were detected using

a threshold of 10−4 s r−1 m−1 applied to βa profiles without

snowfall. Thus, we identify the liquid-containing cloud lay-

ers which are not associated with snowfall to the ground, in-

cluding those producing virga precipitation not reaching the

surface.

Figure 6 shows the frequency by height for Ze and βa
demonstrating the typical cloud and precipitation signal in-

tensities observed at PE and their distribution with height.

Precipitation intensity near the surface (400 m a.g.l.) is most

frequent within −5< Ze < 10 dBz (78 % of snowfall val-

ues at this range) narrowing upwards to −2< Ze < 8 dBz at

2500 m a.g.l. (Fig. 6a). The tendency towards higher mini-

mum Ze values with height can be related to the decrease

of MRR sensitivity with height (Maahn and Kollias, 2012).

Precipitation of 1 mm h−1 is commonly used as a threshold

between light and moderate precipitation intensities (Ras-

mussen et al., 1999). It corresponds to 13–25 dBz accord-

ing to the ensemble of Ze–S relationships for dry snow (Ta-

ble 5). Using the mean value (Ze = 17 dBz) at 400 m a.g.l.

as a threshold, PE is characterised overall by low intensity

precipitation (97 % of total precipitation time) with rare oc-

casional moderate intensity snowfalls (3 % of precipitation).

Most of precipitation is confined within the first 2.5 km a.g.l.,

while moderate intensity precipitation is limited to 2 km a.g.l.

The frequency by height diagram for ceilometer βa was

first constructed for all cloudy and precipitation profiles

(Fig. 6b). The decrease of frequency of occurrence with

height for the low βa values can be related, as for the radar,

to the decreasing sensitivity of ceilometer with height lead-

ing to a possible underestimation of high-level optically

thin ice clouds (Van Tricht et al., 2014). The most fre-

quently observed backscatter signal is found within 10−5.5 <

βa < 10−4.5 s r−1 m−1, observed from near the surface up

to 3 km a.g.l. The nearest to the surface layers (below

500 m a.g.l.) are characterised by rather high backscatter

(10−5 < βa < 10−4 s r−1 m−1) and can be a signature of both

clouds and precipitation to the ground. Excluding snowfall

profiles from the analysis shows that these high βa values

near the surface are related to snowfall, which can entirely

attenuate the ceilometer signal near the surface (Fig. 6c).

Cloudy profiles without snowfall show the highest frequency

between 500 m and 3 km a.g.l. (Fig. 6c). Low βa values (<

10−5 s r−1 m−1) dominate the layers below 1 km a.g.l. and

are characteristic of ice layers extending down to the sur-

face, which can be both cloud ice layers or light precipitation

beyond the MRR sensitivity. Backscatter values larger than

10−4 s r−1 m−1, which we can more certainly relate now to

the liquid-containing cloud layers, are confined within the

height interval between 1 and 3 km a.g.l. The near-surface

layers below 1 km a.g.l. have a clear tendency towards low

βa values more representative of ice cloud and/or precipita-

tion layers.

As shown by Van Tricht et al. (2014), 80 % of all clouds

and precipitation layers at PE have base heights below

2 km a.g.l., while the majority (78 %) of the optically thick

liquid-containing cloud layers have their bases between 1

and 3 km a.g.l. Combining these results with Fig. 6c points

to a large vertical range of the ice layers, including both ice-

only clouds and mixed-phase clouds. As demonstrated by

the case studies (Sect. 4.1), mixed-phase clouds at PE with

liquid-containing layers above 1 km can have ice layers ex-

tending close to the surface. At the same time, the ability
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Figure 6. Number of occurrences by height on 1 min temporal scale

for (a) MRR effective reflectivity (Ze), (b) ceilometer backscatter

for all cloudy/precipitation profiles, and (c) ceilometer backscat-

ter for cloudy profiles excluding snowfall cases (see Sect. 4.2.1).

Based on the measurement periods during 2010–2013 (14 months

of cloud measurements mainly in summer–beginning of winter and

26 months of snowfall measurements including an entire year; see

Table 1). The dashed vertical line indicates the threshold used for

liquid-containing layers identification.

of the ceilometer to detect the vertical extent of the liquid-

containing clouds is limited due to the fast attenuation of the

ceilometer signal by the liquid-containing layers (e.g. Platt

et al., 1994). In addition, the rapid ceilometer signal atten-

uation makes it unsuitable for detection of multiple liquid-

containing layers.

4.2.2 Cloud and snowfall occurrence frequency

Using collocated 1 min βa and Ze values, we calculated

hourly cloud occurrence frequency (COF), snowfall occur-

rence frequency (SOF) and liquid-containing cloud occur-

rence frequency (LCOF) distributions. Hourly COF is a met-

ric generally used to express cloud cover based on point mea-

surements in time (e.g. Town et al., 2007). Here it is ex-
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Figure 7. Total frequency relative to the measurement period (%)

of hourly mean cloud occurrence frequency (COF; unitless fraction

from 0 to 1) for all clouds and precipitation. The column corre-

sponding to COF > 0.9 shows also total frequency of liquid clouds

(red), snowfall (blue), and ice clouds/precipitation not detected by

MRR (yellow). Based on the measurement periods during 2010–

2013 indicated in Table 1 (14 months mainly in summer–beginning

of winter).

pressed as a unitless fraction (0–1) to distinguish from the

COF distribution frequency given in % (similarly for SOF

and LCOF; see Fig. 7). Cloudiness at PE is strongly bimodal

with the majority of the time being either clear sky or over-

cast (Fig. 7). Overcast conditions for all types of clouds and

precipitation were observed 35 % of the measurement period.

Due to the presence of partial cloudiness, mean COF includ-

ing all clouds and precipitation for the entire measurement

period is 0.46.

Further, the overcast conditions are divided among liquid-

containing clouds (7 % of the total measurement period or

20 % of the overcast periods), snowfall (6 % of the total pe-

riod or 17 % of the overcast) and ice clouds or weak pre-

cipitation not detected by MRR (22 % of the total period or

63 % of the overcast). Thus, while ice clouds occur most

frequently, the liquid-containing clouds are also observed

during a significant period of time. Low SOF, compared to

cloudy periods, combined with precipitation intensity statis-

tics (Fig. 6a), indicates once more the importance of occa-

sional intense snowfall events. It should be noted that SOF

was estimated only for the periods when cloud data were

available (during summer–beginning of winter), thus exclud-

ing the winter snowfall measurements during 2012 (which

are included in Fig. 6a). The frequency of liquid-containing

clouds at PE is lower than found at various Arctic locations

(32–56 %, Shupe, 2011), or at Greenland summit (from 10 %

in winter up to 40–60 % during summer; Shupe et al., 2013;

Van Tricht et al., 2014).

4.2.3 Snowfall and accumulation

Further, we show the role of the snowfall-driven high-

accumulation events in the local SMB. The PE site is
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characterised by high interannual variability in local SMB

(230, 23, 227 and 52 mm w.e. during 2009, 2010, 2011 and

2012, respectively), which is in accordance with high inter-

annual variability in a much larger region: yearly total accu-

mulation averaged over the 180 km long stake line from PE

to the coast is 606, 157, and 598 mm w.e. for 2009, 2010,

and 2011, respectively. This stake line was installed within

the GLACIOCLIM project (Agosta et al., 2012; Favier et al.,

2013) and shows larger absolute values compared to PE as it

includes coastal areas. The AWS measurements clearly show

the anomalous accumulation observed over entire DML in

2009 and 2011 (Boening et al., 2012; Lenaerts et al., 2013;

Gorodetskaya et al., 2014). SMB or net snow accumula-

tion results from precipitation in the form of snow, which

is then modified by surface sublimation/deposition, the ero-

sion/deposition of snowdrift transport, the sublimation of

drifting/blowing snow particles and melt (in the coastal ar-

eas of the ice sheet) (Van den Broeke et al., 2004; Frezzotti

et al., 2013). While precipitation is the major positive compo-

nent of the SMB, it is difficult to disentangle the contribution

of precipitation from continuous wind-driven snow deposi-

tion and erosion. Here, we use radar-derived snowfall rates

collocated with snow height changes from the AWS sonic

snow height ranger in order to estimate the contribution of

snowfall to the local SMB and attempt to distinguish accu-

mulation due to snowfall from accumulation due to the wind

deposition.

We analyse in detail daily mean snow height changes

and snowfall rates during 2 years (2011–2012), which are

characterised by very different yearly snow accumulation

(Fig. 8). Each year is punctuated by several occasional high-

accumulation events, defined as days with accumulation >

10 mm w.e. day−1, the 95th percentile based on 2009–2012

daily mean positive accumulation values (indicated with blue

circles in Fig. 8). In total, 15 high-accumulation events were

found during this 2-year period. While the 2 years did not

differ much in terms of the amount of high-accumulation

events, the magnitude of accumulation per event was much

higher during 2011.

Using radar measurements, we attributed all of these high-

accumulation events to snowfall of various intensity (blue

diamonds in Fig. 8). The three most intense snowfalls, lead-

ing to the largest daily snow accumulation, occurred during

2011 (14–17 February, 16–17 December and 19–20 Decem-

ber), and were associated with exceptional moisture trans-

port towards East Antarctica organised into so-called atmo-

spheric rivers (Gorodetskaya et al., 2014). During the win-

ter 2011, the attribution of exceptionally high-accumulation

events to measured snowfall rates was unfortunately not pos-

sible due to the radar-measurements gap; however, strong

moisture fluxes into PE found using ERA-Interim data dur-

ing these events indicate the potential contribution of snow-

fall. Daily accumulation values > 10 mm w.e. day−1 are sig-

nificantly correlated with snowfall rates (r = 0.6 at 99 % sig-

nificance level), while correlation is low for the entire time
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(> 10 mm w.e. day−1) are marked with blue circles and correspond-

ing snowfall events – with blue diamonds. Grey diamonds show all
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for a range of Ze–S relationships for dry snow (Table 5; Sect. 3.2).

Horizontal red bar and crosses at bottom indicate gaps in snowfall

measurements. Letters on x axis mark the first day of each month.

series. Despite the differences in snowfall intensity and un-

certainties in Ze–S relationships, radar measurements allow

for the direct association of high snow-accumulation events

with snowfall. The occasional nature of snowfalls and associ-

ated stepwise snow height changes, necessitate fine temporal

resolution measurements demonstrated both by MRR (aver-

aged to 1 min) and an acoustic snow height ranger (1 h).

At the same time, small and medium accumulation events

could be both due to snowfall and wind-driven deposition

(Fig. 8). Also, some intense snowfall events result in zero net

snow accumulation due to the snow removal by strong winds

under cyclonic conditions. During the winter of 2012, for ex-

ample, snowfall was observed rather frequently, resulting in

no significant snow height changes (Fig. 8). In the next sub-

section we discuss the importance of other SMB components

in addition to snowfall in determining the net snow accumu-

lation.

4.2.4 Surface mass balance components

Snowfall measurements were available almost continuously

during 2012 (Fig. 8), allowing to compare radar-derived

snowfall rates to the other SMB components. At PE, snow

height changes (SH) are measured by the AWS sonic height

sensor and are converted to water equivalent values using

local snow density measurements (see Sect. 3.1). SH repre-

sents local SMB and results from the following components:

snowfall (S), surface sublimation (SUs), drifting snow sub-

limation (SUds), and wind-driven erosion/deposition of the

drifting snow (ERds). S is the principal positive SMB term

and is derived from MRR Ze measurements at 400 m a.g.l.

An error estimate for snowfall rates from radar reflectivities

is difficult. Using persistently minimum and maximum S val-

ues from the ensemble ofZe–S relations given in Table 5 (see
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also Maahn et al., 2014) results in an error range of −50 to

132 %, which is certainly very pessimistic. As from event to

event one or another Ze–S relation may fit best to reality,

we used a Monte Carlo approach: this method is based on

equally random selection of the Ze–S relationship for each

precipitation event from the entire ensemble. The total yearly

S is then calculated as the mean of the Monte Carlo normal

distribution, while the uncertainty is represented by two stan-

dard deviations covering 95 % of the distribution. The true

error in S might be much larger due to several other sources

of uncertainty in addition to Ze–S relationships. Common

sources of additional error in the S estimate are for exam-

ple: radar calibration and radar sensitivity limitations (Maahn

and Kollias, 2012; Maahn et al., 2014), representativeness

of our selected Ze–S ensemble for the observed snowfall,

changes in snowfall properties (e.g. sublimation) between the

lowest radar range gate and the surface, or advection effects

due to strong horizontal winds. Therefore, we use the radar-

retrieved S values to attribute the measured SMB to snowfall

while being aware of the potentially large uncertainties of the

S estimates.

The other SMB components are estimated as following.

SUs is obtained from the surface latent heat flux estimated

using bulk flux–profile relationships (Van den Broeke et al.,

2004), whereas SUds is calculated as the mean of two pa-

rameterisations, described by Bintanja (1998) and Déry and

Yau (2001). Detailed description of SUs and SUds estimates

is given by Thiery et al. (2012). The uncertainty in SUs is cal-

culated based on the AWS instrument accuracy, while SUds

uncertainty is determined by differences in the two param-

eterisations. ERds is calculated as a residual term: ERds =

S−SUds−SUs−SH, with combined standard uncertainty

based on the uncertainties of all input components.

Radar-derived snowfall rate summed over the year 2012 is

110± 20 mm w.e. yr−1. During this time, SUs and SUds re-

moved 15±7 and 10±2 mm w.e. yr−1, respectively, together

representing 23 % of precipitation input at the site. Given

the measured SH of 52± 3 mm w.e. yr−1, we obtain ERds of

33±21 mm w.e. yr−1, which corresponds to 30 % of the pre-

cipitation input. This ERds value represents the total snow

erosion by the wind over the year.

Figure 9 shows cumulative daily SMB components dur-

ing 2012. Several extreme SH peaks can be attributed to in-

tense snowfall events (e.g. beginning of May and July, end

of September) with significant snow removal in-between the

events (e.g. during May, July–September, October). A sub-

stantial fraction of this snow removal is due to SUs and SUds

components, which are relatively small on a daily basis (thus

closely following the S curve with much stronger changes),

but persistent throughout the year. Removal by SUs also ex-

hibits a seasonal cycle being larger during austral summer

(November–February).

Removal by the wind (ERds) shows a greater impact com-

pared to sublimation terms with much higher temporal vari-

ability. The negative values of SH during January–April (rel-

J F M A M J J A S O N D  
−20

0

20

40

60

80

100

120

Month

C
u

m
u

la
ti

v
e
 S

M
B

c
o

m
p

o
n

e
n

ts
, 
m

m
 w

.e
.

S

SH

ER
ds

SU
ds

SU
s

Figure 9. Cumulative daily surface mass balance (SMB) compo-

nents during 2012: snowfall (S), surface sublimation (SUs), drifting

snow sublimation (SUds), drifting snow erosion (ERds), and mea-

sured snow height changes since 1 January 2012 (SH) (Sect. 4.2.4).

SUs and SUds are plotted as ablation terms. ERds is calculated

and plotted as a residual term: ERds = S−SUds−SUs−SH. Red

crosses at the bottom indicate days of missing MRR data. Letters

on x axis mark the first day of each month.

ative to 1 January 2012) can be explained by both high SUs

during summer months together with high ERds term, remov-

ing the snow accumulated during the previous year. Both S

and ERds strongly contributed to the large SH peak in the

beginning of February, followed by a significant snow re-

moval by ERds and SUs. Later during the year, ERds also con-

tributed to snow accumulation during some snowfall events

(for instance, in early May and end of September), while

some days with large S show negligible or even slightly nega-

tive SH changes (for example, beginning and end of August).

The latter phenomenon was illustrated by case 2 (Sect. 4.1.3),

when rather long and intense snowfall (Fig. 3b) accompa-

nied by high wind speeds (Fig. 4b) resulted in zero net snow

accumulation (Fig. 4d). Thus, our results highlight the im-

portant contribution of both snowfall and wind-driven ero-

sion/deposition to the local SMB.

5 Conclusions and Outlook

In this paper we present a new cloud–precipitation–

meteorological observatory established in the escarpment

zone of eastern DML, East Antarctica. Cloud and precipi-

tation properties at high vertical and temporal resolution are

derived from a set of ground-based remote-sensing instru-

ments (910 nm ceilometer, 8–14 µm radiation pyrometer and

24 GHz vertically profiling precipitation radar). These are

combined with automatic weather station measurements of

near-surface meteorology and radiative fluxes, as well as lo-

cal snow height changes.

The paper demonstrates the value of this set of instru-

ments via detailed case studies and presents basic cloud and
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precipitation properties based on the available measurement

periods during 2010–2013. Case studies show the ability of

the observatory to capture complex and constantly evolv-

ing cloud and precipitation properties, as well as to measure

intense wind-driven blowing snow events. In particular, we

have demonstrated the potential of the observatory to be used

for investigating the following relationships:

– distinguish between ice clouds (including weak precip-

itation), virga (precipitation not reaching the surface),

liquid-containing clouds and snowfall;

– study the effect of changing cloud base heights and tem-

peratures on surface radiative fluxes;

– assess the vertical extent and radiative forcing of thin

ice clouds;

– assure that radar-derived snowfall (limited to

400 m a.g.l.) is observed all the way to the surface;

– identify intense (> 10 m a.g.l.) wind-driven blowing

snow events during cloud-free conditions;

– distinguish snow accumulation due to snowfall from

wind-driven deposition;

– quantify the SMB components and study their relation

to meteorological conditions.

Statistical analysis using ceilometer and MRR measure-

ments during austral summer to beginning of winter 2010–

2013 reveals cloud and precipitation properties, many of

which are derived for the first time over the Antarctic ice

sheet. Ice cloud layers and weak precipitation are most fre-

quently found from near the surface up to 3–3.5 km a.g.l.,

while the lowest observed liquid-containing cloud layers are

confined to 1–3 km a.g.l.

Clouds at PE show a clear bimodal distribution with either

clear sky or overcast most of the time. While ice-only clouds

(including virga) occur most frequently (63 % of cloudy pe-

riods), liquid-containing clouds are also observed during a

significant period of time (20 % of all cloudy overcast cases).

Snowfall rates derived from radar measurements show high

frequency of low intensity precipitation with rare occasional

moderate intensity snowfalls of > 1 mm w.e. h−1 (observed

3 % of the total precipitation period).

Another long-standing question, which can be addressed

using the observatory data, is attribution of accumulation to

snowfall in contrast to the wind-driven deposition. Despite

the naturally large uncertainty in the derived snowfall inten-

sity due to the large range of possible Ze–S relationships, as

well as limitation to vertical profiling, MRR measurements

give an opportunity to obtain high-resolution estimates of

snowfall rate and relate them to the snow accumulation on

the ground. High temporal resolution of radar measurements

together with typically large-scale and occasional nature of

synoptic-driven precipitation allows capture of all major pre-

cipitation events contributing to the local SMB. Large local

accumulation events (> 10 mm w.e. day−1), responsible for

the majority of the total annual SMB, are all attributed to

occasional snowfall of various intensity (during the radar-

measurements period). It is extremely important to capture

these few strong events and missing them can lead to a large

underestimation of the total yearly snow accumulation.

In contrast to the large accumulation events, medium to

low accumulation occur both due to snowfall and wind-

driven deposition. Also not every snowfall results in signif-

icant snow accumulation, and wind erosion (together with

sublimation) can entirely remove locally precipitated snow

mass. Combining radar-derived snowfall rates during 2012

with sublimation estimates based on the AWS measurements,

allowed us to isolate the wind-driven erosion term and com-

pare it to other SMB components. The radar-derived snowfall

rate summed over the year 2012 is 110± 20 mm w.e. yr−1.

Surface and drifting snow sublimation removed 15± 7 and

10±2 mm w.e. yr−1, respectively, together representing 23 %

of the snowfall input during this year. Given the measured

yearly SMB of 52 mm w.e. yr−1 for 2012, we obtained that

33±21 mm w.e. yr−1 (30 % of the snowfall input) was re-

moved by wind-driven snow erosion. Attribution of accumu-

lation to snowfall, which can be achieved using precipitation

radar measurements, is important not only for understanding

the hydrological cycle processes and mechanisms behind sur-

face mass balance but also for paleoclimate record interpre-

tation (Masson-Delmotte et al., 2008; Schlosser et al., 2010).

Application of the observatory extends beyond clouds

and precipitation, and can be used to capture intense wind-

driven blowing snow events (in the absence of snowfall from

clouds) up to several hundred meters above the ground, asso-

ciated with strong near-surface winds. Measurements from

the ceilometer installed at PE and also lidars and ceilome-

ters found at other locations around Antarctica (e.g. Mahesh

et al., 2003) can be used for evaluation of the satellite-derived

large-scale blowing snow events (Palm et al., 2011).

The goal of the observatory is to evaluate clouds and pre-

cipitation simulated by climate models allowing both a de-

tailed look into processes and statistical comparisons. It can

also be used in synergy with satellite cloud and precipita-

tion data. Collocating profiles from ground-based and satel-

lite lidars can offer better representation of the cloud vertical

structure. Similarly, collocation of MRR precipitation mea-

surements with satellite-based radar provides additional in-

formation on precipitation occurrence and properties close to

the surface offering a solution to the disturbance of satellite

radars due to ground clutter (Maahn et al., 2014). In gen-

eral, the robust instrumentation operational at the PE station

(ceilometer, radar, infrared thermometer and weather station

with snow height meter) represents a promising tool to im-

prove insight in cloud and precipitation processes in Antarc-

tica, and can be easily deployed at other Antarctic stations.
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