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Antarc5c	
  surface	
  mass	
  balance:	
  	
  	
  
	
  	
  	
  SMB	
  =	
  S	
  ±	
  SUs	
  –	
  SUds	
  ±	
  TR	
  –	
  MR	
  

	
  
S	
  =	
  snowfall	
  (+)	
  

SUs	
  =	
  surface	
  sublimaDon/deposiDon	
  (+/-­‐)	
  
SUds	
  =	
  driaing	
  snow	
  sublimaDon	
  (-­‐)	
  

TR	
  =	
  erosion	
  or	
  deposiDon	
  of	
  snow	
  due	
  to	
  the	
  wind-­‐driven	
  transport	
  (+/-­‐)	
  
MR	
  =	
  melt	
  and	
  runoff	
  (coastal	
  areas)	
  (-­‐)	
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Summing over all 26 basins, we found the rate of Antarctica’s ice-
mass change to be2696 18Gt yr21 (all uncertainties are for the 95%
confidence level) over the observation period, with theWest Antarctic
(basins 1, 18–27) mass change of 21186 9Gt yr21 being partially
compensated by the East Antarctic (basins 2–17) mass change of
1606 13Gt yr21. We also computed corresponding estimates using
an alternative GRACE analysis approach8 (see Supplementary
Information 5), and these confirmed that our mass-change rates are
not overly sensitive to our adopted approach (compare Supplementary
Tables 1 and 2). For comparison to previous GRACE work that used
older GIAmodels, replacingW12a with ICE-5G19 produced total rates
of estimated Antarctic mass loss that were greater by 90Gt yr21.
Our mass rate uncertainties are much smaller than for other studies

because we did not include the GIA model uncertainty in terms of a
randomerror. Instead,wepartitioned errors into randomand systematic
components (see Methods), with the latter reflecting the systematic
influence of GIA and GRACE destriping errors on the estimated ice-
mass changes. We quantified the potential influence of systematic
errors on our preferred ice-mass change estimates (based on themodi-
fied W12a model) through the definition of conservative upper and
lower bounds computed for each basin (Fig. 1b, c and Supplementary
Table 1). The bounds for our overall mass change rates were [2126,
229]Gt yr21 with a relatively small West Antarctic range of [2128,
2103]Gt yr21, and a larger East Antarctic range of [17,189]Gt yr21,

reflecting the sparser constraints on GIA models in East Antarctica.
Within these ranges our preferred estimates are nearer the upper bound.
The spatial pattern of change (Fig. 1) revealed that East Antarctic

mass increase is concentrated along coastal regions, notably Dronning
Maud Land and Coats Land, with little to no change in the deep
interior. A large accumulation event took place in Dronning Maud
Land in 2009; considering only the period before this reduces the
overall East Antarctic trend negligibly, although with a factor-of-2.5
larger uncertainty. West Antarctic mass loss was mostly concentrated
in basins along the Amundsen Sea coast (21086 8Gt yr21), whereas
elsewhere in West Antarctica we found a much smaller net mass loss
(2106 7Gt yr21; Fig. 2a). The Amundsen Sea coast mass loss is in
close agreementwith the pattern of ice elevation change for 2003–2008
(ref. 23). We estimated the Pine Island Glacier basin (basin 22) to have
been losing mass at2246 7Gt yr21, in agreement with the rate esti-
mated for 2006 using satellite altimetry6 (221.46 0.5Gt yr21). We
estimated that Thwaites Glacier basin (basin 21) has been losing twice
as much mass (2546 5Gt yr21) as the Pine Island Glacier basin over
the period 2002–2010.
As with other recent GRACE studies2,5, we found that the rate of

mass loss for Antarctica as a whole has increased over the analysis
period (Fig. 2a), but our estimate of the acceleration (246 16Gt yr22)
is only 15% of the estimate from another study2, and we do not find it
to be statistically different from zero. Considering West Antarctica
only, acceleration is significant with 95% confidence, but our basin-
by-basin analysis allowed us to identify statistically significant (68%
confidence) mass-loss increase in only one basin—the basin con-
taining Pine Island Glacier (basin 22) along the Amundsen Sea coast
(Fig. 2b). Basin 1 exhibited acceleratedmass loss, but from a negligible
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Figure 1 | Mass change rates by drainage basin. a, Best estimate of ice-mass
change using the modified W12a GIAmodel, with basins numbered (boldface
italics where trends are statistically different to zero with 95% confidence).
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Figure 2 | Mass change time series and accelerations. a, Regional mass
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the Wilkes land and Adélie Land sector (120–160!E), another
region that is prone to strong interdecadal SMB variability
[Agosta et al., 2012].
[9] Recent studies pointed toward the strong relation

between Antarctic near-surface temperature and SMB [e.g.,

Krinner et al., 2007; Ligtenberg et al., 2013]. Although
DML experienced a relatively warm year in 2009 and 2011
according the RACMO2 time series (near-surface temperature
was ~2 K warmer than average), other similarly warm years
did not yield a similar SMB anomaly (Figure S1). No signifi-
cant relation is found between DML near-surface temperature
and SMB, which demonstrates that the DML climate is not
only driven by (local) near-surface temperatures but also by
larger-scale circulation anomalies.
[10] The following analysis focuses on the largest anomaly

in DML of the year 2009 only. Other observational proof of
this exceptional anomaly is presented in Figure 3a, which
compares the zonally stacked accumulation records from
128 firn cores [Rotschky et al., 2007], with colocated SMB
estimates of RACMO2. The long-term mean of RACMO2
compares well with the firn cores, apart from a model

Figure 2. (a) RACMO2 SMB (Gt per month) in DML
(IMBIE IceSAT basins 5–8 in Shepherd et al. [2012],
indicated in blue in inset map) for January 1979 to July 2012.
(b) Cumulative mass anomaly (Gt) for the same basins from
GRACE (red) and RACMO2 (green) in January 2007–August
2012 (blue box in Figure 2a). The color-shaded areas show
the related uncertainty (2 s) in GRACE (red) and RACMO2
(green). (c) Simulated SMB cumulative anomaly for the period
January 2003 to January 2012 in each Antarctic drainage basin.
For RACMO2, we use the period 1979–2002 as reference
period to calculate the SMB anomaly (see text).

Figure 3. (a) Annual SMB, binned per 1! latitude, measured
in the firn cores (red), RACMO2 average SMB (1979–2011)
(blue), and RACMO2 SMB in the year 2009 (green). The ver-
tical lines denote the spatial variability within the latitudinal
bins (length is 2s). Black crosses (right axis) show the simu-
lated relative anomaly of the SMB in 2009 compared to the
1979–2011 average. (b) Comparison of multi-year SMB from
firn cores (red) at four locations, which are indicated in
Figure 1. Firn core data originate, from left to right, from
Fernandoy et al. [2010] (core B39), Isaksson et al. [1999]
(S20), Melvold et al. [1998] (H), and Kaczmarska et al.
[2004] (S100). The 1979–2011 RACMO2 SMB distribution
for the nearest model grid point is shown in blue. The dots
show all available SMB values, and the box plot shows the
temporal characteristics of the time series. The uppermost
and lowermost boundaries are the 90 and 10 percentiles, re-
spectively (see black box plot for legend). The RACMO2
2009 SMB is shown by the green marker, and the period
representing the ice core is indicated in red.
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A	
  few	
  strong	
  snowfall	
  events	
  over	
  Dronning	
  Maud	
  Land	
  (DML)	
  in	
  2009	
  and	
  2011	
  have	
  been	
  
responsible	
  for	
  an	
  anomalously	
  high	
  mass	
  load	
  over	
  the	
  East	
  AntarcDca	
  counterbalancing	
  the	
  
negaDve	
  total	
  mass	
  trend	
  over	
  the	
  AntarcDc	
  ice	
  sheet	
  (Boening	
  et	
  al.	
  2012,	
  King	
  et	
  al.	
  2012).	
  	
  

Rignot, 2006] and snowdrift has only a small contribution to
interannual changes in the surface mass balance [Lenaerts
et al., 2012]. We evaluate this hypothesis by first comparing
the mass gain that results from the accumulated snowfall
observed by CloudSat. We then use this snowfall to verify
the mass accumulation deduced from the precipitation
contained in ERA Interim re-analysis. Once verified, we use
reanalysis data to show how precipitation changes induced by
atmospheric circulation changes explain the observed sudden
increases in ice mass.
[15] The increase in mass due to accumulated precipitation

is equivalent to the integral over time of net precipitation in a
region. The snowfall observations of CloudSat confirm the
anomalously large accumulation of snow over Dronning
Maud Land starting in 2009 (Figure 2, top). The monthly
CloudSat and reanalysis precipitation time series are well
correlated (r = 0.63) over the CloudSat period. This suggests
that the anomalous mass gain observed by GRACE is
primarily a result of excess precipitation during the period
between 2009 and 2011, whereas ice dynamical processes
in this region have a rather small contribution. This is
further confirmed in reanalysis data. CloudSat precipitation
estimates and the re-analysis model output (Figure 2) are
very similar when integrated over the multi-year period,
a process that naturally reduces the sampling noise inherent
in the observations. The accumulation of net precipitation
anomaly over the region of interest derived from the ERA
Interim re-analysis also resembles the mass time series from
GRACE (Figure 2) for the entire GRACE period. All three
estimates of mass accumulation agree within the uncertainty
of the respective datasets. The mass increase from ERA
Interim’s forecasted net precipitation fields agree to within

10% with the mass increase based on the atmospheric
moisture convergence fields from the Japanese JRA-25 re-
analysis (not shown [Onogi et al., 2007; Landerer et al.,
2010]) which suggests that sublimation has little effect on
the accumulated mass.
[16] Given the good agreement between the re-analysis and

CloudSat precipitation and the overall consistency between
the snowfall information and GRACE mass anomalies,
we use the re-analysis data to place the 2009–2011 anomalies
in a longer-term context. The longer re-analysis time series
demonstrates that the mass accumulation in 2009–2011 is
exceptional over this particular coastal region compared to
the three preceding decades (Figure 2). While the snow
accumulation shows interannual fluctuations of !50 Gt
before 2009, over the past 3 years the mass increases by about
350 Gt. Both time series of precipitation rates from the ERA
Interim re-analysis and CloudSat suggest that the high
snowfall events leading to the mass accumulation primarily
occurred in May 2009 and June 2011. The precipitation in
these two months is 5–6 times higher than the standard
deviation of the ERA-Interim time series up to 2008
(Figure 2, bottom). Because the evaporation anomaly is small
and ice dynamical process are presumed to act at longer time-
scales, we attribute the GRACE mass anomaly in East-
Antarctica to these two distinct months with anomalously
high precipitation.
[17] To determine the origin of the snowfall anomalies

occurring in 2009 and 2011, we analyze the synoptic-scale
snowfall variability inMay, 2009 and June, 2011. A statistical
analysis indicates that the majority of snowfall in these
two months can be attributed to 5 periods of several days
each, 77% of the precipitation over Dronning Maud Land in
May 2009 occurred during the periods of May 6–7 ("15%),
May 17–20 ("28%) and May 24–27 ("34%). In June 2011
the highest amounts of snowfall are observed during June
19–21 ("20%) and June 23–28 ("43%). During these 9 days
snowfall amounted to 63% of total June 2011 precipitation.
[18] Figure 3 shows the spatial patterns of maximum

snowfall during these periods. Regions of high precipitation
are clearly restricted to the coast along Dronning Maud Land.
This spatial distribution is consistent with findings by
Schlosser et al. [2008] who showed that while the intensity in
snowfall is highly variable, precipitation is mostly limited to
the low-altitude coastal areas decreasing toward the higher
altitude inland plateau. In conjunction with these high snow-
fall events, a significant change in the atmospheric pressure
fields also occurred over Antarctica and the ocean north of
Dronning Maud Land (Figure 3). A seesaw pattern of high
and low pressure systems encircles the continent during the
periods of the precipitation events in May 2009 and June
2011. A dipole pattern of low and high pressure intersects
the continent and induces a strong pressure gradient over
Dronning Maud Land. High-pressure systems are associated
with an anticyclonic wind circulation that induces a poleward
flow along their western flanks. These anomalous pressure
patterns suggest that the northerly winds had driven warm and
moist air to the continent inducing cloud formation and
subsequent precipitation.
[19] In summary, the analysis of synoptic scale precipita-

tion and sea level pressure indicates that the stable and
strong pressure patterns over periods of several days in May
2009 and June 2011, have led to increased moisture flux
toward the Antarctic coast that resulted in anomalously high

Figure 2. (top) GRACE mass average over 30W–60E,
65S–80S (green) compared to integrated net precipitation
from ERA Interim (red) and CloudSat accumulated snowfall
(black). (bottom) ERA Interim net precipitation (black)
compared to CloudSat snowfall accumulation (red) and ERA
interim precipitation (blue dashed). Gray shading indicates
CloudSat error bars.

BOENING ET AL.: MASS INCREASE IN EAST ANTARCTICA L21501L21501

3 of 5

Boening	
  et	
  al.	
  2012	
  

GRACE mass average over 
30W-60E, 65S-80S  
Integrated net precipitation (ERA-
Interim) 
CloudSat accumulated snowfall 



Al#tude,)m)

Webcam'and'spotlight'Precipita4on'
'radar'

Ceilometer'

Pyrometer'

Automa4c''
Weather''
Sta4on'

Remote'sensing''
instruments'
on'the'roof''
of'PE'base'

Meteorology-cloud-precipitation observatory at Princess Elisabeth 
base in Dronning Maud Land, East Antarctica 

installed within the Belspo HYDRANT project in 2009-2010 
expected operational period (under the Belspo AEROCLOUD project): 

 until 2018 (and hopefully beyond)   

Gorodetskaya	
  et	
  al,	
  Cryosphere	
  2015	
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Major	
  components	
  of	
  the	
  AntarcDc	
  mass	
  balance	
  (figure	
  credit:	
  NASA)	
  

Antarc5c	
  surface	
  mass	
  balance:	
  	
  	
  
	
  SMB	
  =	
  S	
  ±	
  SUs	
  –	
  SUds	
  ±	
  TR	
  –	
  MR	
  

Project	
  HYDRANT	
  (now	
  con5nued	
  as	
  AEROCLOUD)	
  
The atmospheric branch of the hydrological cycle in 

Antarctica 
funded	
  by	
  the	
  Belgian	
  Science	
  Policy	
  



HYDRANT/AEROCLOUD	
  Ground-­‐based	
  measurements:	
  remote	
  sensing	
  

Cloud properties!

Ceilometer 

• 	
  pulsed	
  diode	
  laser	
  in	
  near	
  IR	
  (910nm)	
  
• 	
  ver5cal	
  backscader	
  profiles	
  and	
  cloud	
  base	
  
height	
  detec5on	
  up	
  to	
  7.5	
  km	
  	
  

• 	
  range	
  resolu5on	
  =	
  10m	
  	
  
• 	
  report	
  interval	
  =	
  15s	
  (transfer	
  5me	
  of	
  	
  
accumulated	
  signal)	
  
•  PT	
  algorithm	
  for	
  polar	
  cloud	
  detec5on/cloud	
  

base	
  height	
  (Van	
  Tricht	
  et	
  al	
  AMT,	
  2015)	
  

Infrared Radiation 
Pyrometer 

• 	
  passive	
  radiometer:	
  equivalent	
  
blackbody	
  brightness	
  temperature	
  in	
  
8-­‐13	
  micron	
  atm	
  window	
  
	
  
⇒ effec5ve	
  cloud	
  base	
  temperature	
  	
  
	
  	
  	
  	
  (assuming	
  ε=1)	
  

hhp://ees.kuleuven.be/hydrant/aerocloud/instruments/	
  

Gorodetskaya	
  et	
  al,	
  Cryosphere	
  2015	
  



HYDRANT/AEROCLOUD	
  Ground-­‐based	
  measurements:	
  remote	
  sensing	
  

Snowfall rate!

• 	
  24	
  GHZ	
  FM-­‐CW	
  Doppler	
  radar	
  	
  

• 	
  Ver5cally	
  (!)	
  poin5ng	
  

• 	
  Ver5cal	
  reflec5vity	
  profile	
  up	
  to	
  3500m	
  at	
  
100m	
  range	
  resolu5on	
  
	
  
• 	
  Reflec5vity	
  from	
  hydrometeors	
  
	
  (drining	
  snow,	
  falling	
  snow)	
  	
  
	
  
• 	
  profile	
  informa5on:	
  	
  
depth	
  of	
  the	
  layer	
  in	
  which	
  snow	
  is	
  present	
  
	
  
• 	
  dis5nguish	
  events	
  where	
  only	
  	
  
blowing	
  snow	
  was	
  present	
  from	
  
precipita5on	
  events	
  

K-­‐band	
  Radar	
  

hhp://ees.kuleuven.be/hydrant/aerocloud/instruments/	
  
	
  

Gorodetskaya	
  et	
  al,	
  Cryosphere	
  2015;	
  Maahn	
  et	
  al	
  JGR	
  2014	
  (Cloudsat	
  blind	
  zone	
  eval)	
  	
  	
  



Instrument	
  locaDon	
  

ceilo	
  
pyro	
  
radar	
  

sunphotometer	
  

10m	
  



Data flow.. 
 

KU Leuven,	


Belgium...	





Ø  	
  AWS16	
  designed	
  by	
  IMAU	
  	
  
(Utrecht	
  University,	
  The	
  Netherlands)	
  
	
  
Ø  Installa5on	
  and	
  maintenance	
  	
  
	
  	
  	
  	
  	
  	
  by	
  KU	
  Leuven	
  and	
  RMI	
  
	
  
Ø  	
  Installa5on:	
  February	
  2009	
  

Ø  	
  Instrument	
  infroma5on:	
  
hhp://ees.kuleuven.be/hydrant/
aerocloud/instruments/	
  
	
  
Ø  	
  Real	
  5me	
  meteo:	
  
hhps://www.projects.science.uu.nl/
iceclimate/aws/	
  
	
  
	
  

Wind:	
  
RM	
  Young	
  propvane	
  

ARGOS	
  antenna	
  

Temp&Hum:	
  
Vaisala	
  HMP35AC	
  

RadiaDon	
  SW	
  and	
  LW:	
  
Kipp	
  and	
  Zonen	
  CNR1	
  
four	
  component	
  radiometer	
  
(upward	
  and	
  downward)	
  

barometer:	
  
Vaisala	
  PTB101B	
  
capaciDve	
  manometer	
  

snow	
  profile	
  
temperatures:	
  
steel	
  sheathed	
  sensors	
  
(“Magic	
  sDcks”)	
  

Snow	
  height	
  :	
  
Campbell	
  
SR50	
  sonic	
  
ranging	
  meter	
  

Automatic Weather Station :!

Gorodetskaya	
  et	
  al,	
  JGR	
  2013,	
  Cryosphere	
  2015	
  



AWS16	
  at	
  Utsteinen:	
  
	
  300m	
  east	
  of	
  the	
  PE	
  base	
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Major	
  components	
  of	
  the	
  AntarcDc	
  mass	
  balance	
  (figure	
  credit:	
  NASA)	
  

Antarc5c	
  surface	
  mass	
  balance:	
  	
  	
  
	
  SMB	
  =	
  S	
  ±	
  SUs	
  –	
  SUds	
  ±	
  TR	
  –	
  MR	
  

Project	
  HYDRANT	
  
The atmospheric branch of the hydrological cycle in 

Antarctica 
funded	
  by	
  the	
  Belgian	
  Science	
  Policy	
  



Daily snow accumulation (black line) and snowfall rate (blue bars) at PE during 
2009-2012 

2009	
  and	
  2011:	
  	
  
Two	
  anomalously	
  high	
  accumula5on	
  years	
  (annual	
  total	
  230	
  and	
  227	
  mm	
  w.e.)	
  

	
  
Compare:	
  	
  

long-­‐term	
  stake	
  measurements	
  in	
  the	
  vicinity	
  of	
  Sør	
  Rondane	
  mountains	
  	
  
=>	
  year	
  total	
  accumulaDon	
  ~50-­‐150	
  mm	
  w.e.	
  (Takahashi	
  et	
  al.	
  1994)	
  

230 mm w.e. 227 mm w.e. 23 mm w.e. 
52 mm w.e. 



Snow height and snowfall rate 
during 2009-2012  
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Gorodetskaya et al. 2014, GRL 



Daily	
  snowfall	
  and	
  snow	
  height:	
  
extreme	
  events	
  =	
  atmospheric	
  rivers	
  

18	
  

Ø  Gorodetskaya	
  et	
  al	
  “Cloud	
  and	
  precipita&on	
  proper&es	
  from	
  ground-­‐based	
  remote	
  sensing	
  instruments	
  in	
  East	
  
Antarc&ca”,	
  Cryosphere	
  2015	
  

Ø  Gorodetskaya	
  et	
  al	
  “The	
  role	
  of	
  atmospheric	
  rivers	
  in	
  anomalous	
  snow	
  accumula&on	
  in	
  East	
  Antarc&ca,	
  GRL	
  (2014)	
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Defining	
  AR	
  events	
  in	
  East	
  Antarc5ca...	
  



Ø Low	
  temperature	
  saturated	
  air	
  condiDon:	
  
	
  
	
  
Ø IWV	
  >	
  threshold	
  depending	
  on	
  IWVsat	
  
(	
  ~1	
  cm	
  IWV	
  at	
  70°S)	
  

Ø Extends	
  at	
  least	
  20°	
  lat	
  (>	
  2000	
  	
  km)	
  

€ 

IWVsat = qsat(T )dp
900

300hPa

∫

Defining	
  AR	
  events	
  in	
  East	
  Antarc5ca	
  

Gorodetskaya,	
  et	
  al.,	
  GRL	
  2014	
  

using	
  ERA-­‐Interim	
  re-­‐analysis	
  data	
  



Iden5fying	
  Antarc5c	
  ARs:	
  

1)  Maps of IWV and IWVsat are calculated for each day 2009-2012 
     using ERA-Interim 

cm cm 

grey line = daily mean 50% sea ice concentration 



IWVthresh = IWVsat,mean + ARcoeff (IWVsat,max − IWVsat,mean ),

2) IWV threshold to find excessive IWV within  ARs is calculated 
 for each latitude: 

−70 −60 −50 −40 −30 −20
0
1
2
3
4
5

Latitude

IW
V 

th
re

sh
ol

d,
 c

m

 

 
19 May 2009
15 Feb 2011

Ø  Instead of using a fixed threshold of 2 cm suitable for mid-latitudes (Ralph 
et al. 2004), our IWV threshold varies with latitude depending on the 
temperature and saturation capacity 

ARcoeff determines relative strength of an AR (= 0.2 in this study) 

Iden5fying	
  Antarc5c	
  ARs:	
  



Atmospheric rivers identified using a new  
definition adapted for Antarctica  

 
19 May 2009 15 Feb 2011 

Ø  Gorodetskaya	
  et	
  al	
  “The	
  role	
  of	
  atmospheric	
  rivers	
  in	
  anomalous	
  snow	
  accumula&on	
  in	
  East	
  Antarc&ca,	
  GRL	
  (2014)	
  

 
Colors = integrated (900-300hPa) water vapour 
Red arrows = total integrated moisture transport within ARs 
black contours = 500 hPa geopotential height 	
  

Integrated water 
vapor	
  



Mean	
  sea	
  level	
  pressure	
  composites	
  

2009	
   2010	
  

4	
  day	
  average	
  

HIGH	
  accumula5on	
  events	
   SMALL	
  accumula5on	
  events	
  

ERA-­‐Interim	
  
0.25x0.250	
  

3	
  day	
  average	
  

Gorodetskaya	
  et	
  al	
  (AMOMFW	
  2011)	
  



Isentropic	
  analysis	
  for	
  	
  
selected	
  posiDve	
  accumulaDon	
  days	
  	
  

during	
  warm	
  events	
  

1.	
  High	
  accumulaDon:	
  
May	
  19,	
  2009:	
  40	
  mmwe/day	
  

2.	
  Small	
  accumulaDon:	
  
March	
  16,	
  2010:	
  0.3	
  mmwe/day	
  	
  	
  



Isentropic	
  analysis	
  for	
  LOW	
  
	
  accumulaDon	
  event	
  	
  
(march	
  16,	
  2010)	
  

Mean	
  meridional	
  cross-­‐secHon	
  
(20-­‐600E)	
  of	
  isentropic	
  surfaces	
  	
  
with	
  specific	
  humidity	
  color	
  contours	
  

Specific	
  humidity	
  on	
  275K	
  	
  
and	
  285K	
  isentropic	
  surfaces	
  

ERA-­‐Interim	
  

Gorodetskaya	
  et	
  al	
  (AMOMFW	
  2011)	
  



Isentropic	
  analysis	
  for	
  HIGH	
  
	
  accumulaDon	
  event	
  	
  

(may	
  19,	
  2009)	
  

Mean	
  meridional	
  cross-­‐secHon	
  
(20-­‐60ºE)	
  of	
  isentropic	
  surfaces	
  	
  
with	
  specific	
  humidity	
  color	
  contours	
  

Specific	
  humidity	
  on	
  275K	
  	
  
and	
  285K	
  isentropic	
  surfaces	
  

ERA-­‐Interim	
  

Gorodetskaya	
  et	
  al	
  (AMOMFW	
  2011)	
  



Isentropic	
  analysis	
  for	
  HIGH	
  
	
  accumulaDon	
  event	
  	
  

(may	
  19,	
  2009)	
  

Mean	
  meridional	
  cross-­‐secHon	
  
(20-­‐600E)	
  of	
  isentropic	
  surfaces	
  	
  
with	
  specific	
  humidity	
  color	
  contours	
  

Specific	
  humidity	
  on	
  275K	
  	
  
and	
  285K	
  isentropic	
  surfaces	
  

ERA-­‐Interim	
  

PE	
  

Range	
  of	
  heights	
  of	
  precipitaHng	
  
clouds	
  observed	
  at	
  PE	
  

Gorodetskaya	
  et	
  al	
  (AMOMFW	
  2011)	
  



Mean	
  moisture	
  source	
  regions	
  for	
  AntarcDca	
  
Summer	
   Winter	
  

co
nt
rib

u5
ng
	
  e
va
po

ra
5o

n	
  
	
  

(c
m
/y
r)
	
  

Sodemann	
  and	
  Stohl,	
  GRL	
  2009	
  

Ø  Lagrangian	
  long-­‐rage	
  moisture	
  source	
  diagnosDcs	
  tracing	
  water	
  vapor	
  transport	
  for	
  20	
  
days	
  backward	
  in	
  Dme	
  	
  

Ø  The	
  highest	
  alDtudes	
  of	
  the	
  East	
  AntarcDc	
  ice	
  shield,	
  where	
  major	
  ice	
  cores	
  have	
  been	
  
drilled,	
  have	
  mean	
  source	
  laDtudes	
  of	
  45	
  –	
  40°S	
  year-­‐round	
  

Ø  Consistent	
  with	
  findings	
  from	
  general	
  circulaDon	
  models	
  with	
  tagged	
  tracers	
  	
  

	
  



5-­‐day	
  back-­‐trajectories	
  initiated at a range of locations at 72oS, 
from 23oE to 63oE 	
  
	
  00UTC	
  19	
  may	
  2009	
  

"river"	
  
PE	
  

transport	
  directed	
  
by	
  a	
  cyclone	
  blocked	
  
during	
  several	
  days	
  	
  
by	
  high	
  pressure	
  ridge	
  



from	
  Jason	
  Cordeira’s	
  talk	
  at	
  the	
  AR	
  conference	
  
	
  in	
  San	
  Diego	
  Aug	
  2016...	
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950 hPa

500 hPa

250 hPa

250 hPa 950 hPa

500 hPa

TME

WCB
and 
TME

• Some ARs in midlatitudes contain:
– An  “inflow  region”  of  TME  air  parcels
– An  “outflow  region”  of  WCB  air  parcels
– A region that is neither TME or WCB!

Neither WCB/TME

Part 2 - ARs, TMEs, and WCBs



Compare	
  2009	
  and	
  2011	
  to	
  longer	
  5me	
  series	
  	
  
of	
  total	
  meridional	
  moisture	
  fluxes	
  towards	
  DML	
  

	
  
Ø  2009	
  and	
  2011	
  years	
  stand	
  out	
  as	
  anomalous	
  during	
  1979-­‐2012	
  period	
  

Ø  ARs	
  correspond	
  to	
  anomalous	
  moisture	
  transport	
  years	
  	
  
Ø  	
  	
  

Meridional moisture flux (ERA-Interim, seasonal cycle removed) towards the 
East Antarctic ice sheet averaged over 50-72ºS, 0-90ºE sector 

 Monthly mean 12-month running mean 

 Year

2009 2011 

Meridi
onal m

ositure
 !lux, k

g m-" s
-"

Gorodetskaya et al. 2014, GRL 
Tsukernik and Lynch 2013 



Pathways	
  [of	
  moisture/snow]	
  IN	
  	
  
and	
  [of	
  ice]	
  OUT?	
  

MT,$kg$m(1$s(1$

90ºE$

60ºE$

30ºE$

120ºE$

150ºE$

30ºW$

60ºW$

90ºW$

120ºW$

150ºW$

Rignot	
  et	
  al	
  2011	
  

Gorodetskaya	
  et	
  al	
  2014	
  

Map	
  of	
  the	
  speed	
  and	
  direc5on	
  of	
  ice	
  flow	
  in	
  
Antarc5ca,	
  derived	
  from	
  radar	
  interferometric	
  
data.	
  Image	
  credit:	
  NASA/JPL-­‐Caltech/UCI	
  	
  

Ver5cally	
  integrated	
  atmospheric	
  
moisture	
  transport	
  on	
  19	
  May	
  
2009	
  



Surface	
  mass	
  balance	
  (PE,	
  2012)	
  

34	
  

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

Ø  Gorodetskaya	
  et	
  al	
  “Cloud	
  and	
  precipita&on	
  proper&es	
  from	
  ground-­‐based	
  remote	
  sensing	
  instruments	
  in	
  East	
  
Antarc&ca”,	
  Cryosphere	
  2015	
  

Ø  Thiery	
  et	
  al	
  “	
  Surface	
  and	
  snowdriZ	
  sublima&on	
  at	
  Princess	
  Elisabeth	
  sta&on,	
  East	
  Antarc&ca,	
  Cryosphere	
  (2012)	
  	
  
	
  

One	
  AR	
  event	
  (6	
  November	
  2012):	
  
46%	
  contribu5on	
  to	
  ANNUAL	
  SMB!	
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...in	
  regional	
  climate	
  models	
  
work	
  in	
  progress!!!	
  



Modèle	
  Atmosphéric	
  Régional	
  (MAR)	
  

•  SimulaDon	
  over	
  
Dronning	
  Maud	
  
Land	
  centered	
  over	
  
Derwael	
  Ice	
  rise,	
  5	
  
km	
  horiz	
  resoluDon	
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Ø  2-­‐moment	
  cloud	
  scheme	
  for	
  ice	
  clouds	
  (ice	
  nucleaDon	
  parameterizaDon	
  
following	
  Meyers	
  et	
  al	
  1992;	
  Prenni	
  et	
  al.	
  2007)	
  	
  

Ø  1-­‐moment	
  cloud	
  scheme	
  for	
  other	
  hydrometeors	
  (cloud	
  droplets,	
  rain	
  drops	
  
and	
  	
  snow	
  parDcles)	
  



Regional	
  climate	
  model	
  RACMO2.3-­‐ANT	
  

•  New	
  model	
  version	
  RACMO2.3,	
  simulaDon	
  over	
  
Dronning	
  Maud	
  Land	
  5.5x5.5	
  km	
  horiz	
  resoluDon	
  

	
  
•  Updates	
  in	
  this	
  model	
  version	
  (Van	
  Wessem	
  et	
  al.	
  TC	
  2013):	
  	
  
Ø  cloud	
  ice	
  super-­‐saturaDon	
  (Tompkins	
  and	
  Gierens	
  2007)	
  
Ø  precipitaDon	
  formaDon	
  (increase	
  in	
  auto-­‐conversion	
  coeff)	
  
Ø  radiaDve	
  flux	
  scheme	
  (McRad,	
  Morcrehe	
  et	
  al.	
  2008)	
  
Ø  turbulent	
  flux	
  scheme	
  (EDMF,	
  Siebesma	
  et	
  al.	
  2007)	
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Snowfall	
  evaluaDon:	
  
RACMO-­‐ANT	
  –	
  within	
  the	
  measurements	
  uncertainty	
  range	
  

	
  also	
  for	
  extreme	
  events	
  (including	
  ARs)	
  

RACMO	
  model	
  



Snowfall	
  evaluaDon:	
  
MAR	
  tends	
  to	
  overesDmate	
  snowfall	
  rate	
  for	
  intense	
  events	
  

	
  (including	
  ARs)	
  
MAR	
  model	
  



Snowfall	
  evaluaDon:	
  
model-­‐to-­‐observaDons	
  approach:	
  comparing	
  Ze	
  

Forward	
  model	
  
PAMTRA	
  –	
  Passive	
  and	
  
AcDve	
  Microwave	
  radiaDve	
  
transfer	
  model	
  
Ø  Used	
  to	
  synthesize	
  
Ze	
  at	
  24	
  GHz	
  (MRR)	
  for	
  
MAR	
  model	
  
	
  
MAR	
  parameters	
  used:	
  
•  V(D)	
  for	
  snow	
  based	
  on	
  

graupel-­‐like	
  snow	
  of	
  
hexagonal	
  type	
  from	
  
Locatelli&Hobbs	
  (1974)	
  

•  m(D):	
  fixed	
  snow	
  
density	
  =	
  100	
  kg	
  m-­‐3	
  

•  Snowfall	
  N(D):	
  exp	
  
(Marshall-­‐Palmer)	
  

	
  

MAR	
  model	
  



Snowfall	
  evaluaDon:	
  
model-­‐to-­‐observaDons	
  approach:	
  comparing	
  Ze	
  

PE	
  MRR	
  Ze	
  on	
  1-­‐min	
  scale	
  during	
  2012	
  
(from	
  Gorodetskaya	
  et	
  al,	
  Cryosphere	
  2015)	
  

Ze	
  forward-­‐modeled	
  using	
  PAMTRA	
  for	
  
MAR	
  RCM	
  snowfall	
  (full	
  model	
  rage)	
  

MAR	
  model	
  



Ø  Atmospheric rivers explain the majority of extreme precipitation events in the 
escarpment zone of East Antarctica (Dronning Maud Land) during 2009-2012 
     
   => need longer record... 

Ø  Large contribution of atmospheric rivers to Dronning Maud Land surface mass 
balance => difference in the regional total annual SMB is determined by the 
frequency of occurrence of ARs.  

Ø  Regional climate models used to simulate Antarctic climate (MAR, RACMO) 
simulate intense snowfall events within Z-S uncertainties with some events 
overestimated  

 
  => model parameterization improvements AND constrained   
  snowfall rates derived from radar AND more radars in Antarctica... 

  => Need to understand the dynamics and ocean-atmosphere linkage  
   behind atmospheric rivers 

Conclusions	
  
	
  =>	
  outlook	
  



Work	
  conDnued...	
  
ACE	
  expediDon	
  

observaDons+modeling	
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Ø  Chasing...	
  or	
  being	
  chased	
  by	
  the	
  

Atmospheric	
  Rivers:	
  
²  Radiosonde	
  measurements	
  
²  PrecipitaDon	
  
-­‐  SynopDc	
  condiDons	
  
-­‐  Stable	
  isotope	
  measurements	
  
-­‐  Back	
  trajectories	
  
-­‐  Sea	
  ice	
  and	
  SST	
  condiDons	
  

Collabora5on	
  with:	
  
•  	
  Ka5e	
  Leonard	
  (EPFL,	
  Switzerland)	
  
•  Marty	
  Ralph	
  (Scripps,	
  USA)	
  
•  Innsbruck,	
  Cologne,	
  Wisc-­‐Mad,	
  

Brown,	
  KUL	
  



44	
  

Thank	
  you	
  for	
  your	
  aden5on!	
  	
  
Ques5ons?	
  Feedback?	
  

Irina.Gorodetskaya@ua.pt	
  


