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Major	
  components	
  of	
  the	
  Antarc1c	
  mass	
  balance	
  (credit:	
  NASA)	
  

Antarc1c	
  surface	
  mass	
  balance:	
  	
  	
  
	
  	
  	
  SMB	
  =	
  S	
  ±	
  SUs	
  –	
  SUds	
  ±	
  TR	
  –	
  MR	
  

	
  
S	
  =	
  snowfall	
  (+)	
  

SUs	
  =	
  surface	
  sublima_on/deposi_on	
  (+/-­‐)	
  
SUds	
  =	
  dribing	
  snow	
  sublima_on	
  (-­‐)	
  

TR	
  =	
  erosion	
  or	
  deposi_on	
  of	
  snow	
  due	
  to	
  the	
  wind-­‐driven	
  transport	
  (+/-­‐)	
  
MR	
  =	
  melt	
  and	
  runoff	
  (coastal	
  areas)	
  (-­‐)	
  



Mass	
  change	
  rates	
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  drainage	
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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).
b, c, Basin-specific lower and upper bounds on ice-mass change, respectively,
reflecting the potential systematic error in our basin estimates. The systematic
errors include contributions from GIA uncertainty, destriping and internal
leakage. Leakage effects sum towards zero over multiple basins.
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Figure 2 | Mass change time series and accelerations. a, Regional mass
change time series (solid lines) and best-fit trend and acceleration (dashed line
and text). Stated uncertainties are for the 95% confidence interval (2s) and
reflect the random errors on our estimates. b, Accelerations by basin and region
with 2s error bars. Basinswith ice-mass change accelerations that are statistically
different from zero with 68% confidence are shown in pink. Accelerations for
regions are colour-coded as in a. AIS, Antarctic Ice Sheet;WAIS,West Antarctic
Ice Sheet (including the Antarctic Peninsula); EAIS, East Antarctic Ice Sheet;
ASC, Amundsen Sea Coast; andWAIS2ASC is theWAIS after subtraction of
the total ASC mass change. ASC basins are highlighted in orange.
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Best	
  es0mate	
  of	
  ice	
  mass	
  
change	
  using	
  the	
  modified	
  
W12a	
  GIA	
  model	
  	
  

•  Con_nental	
  ice	
  mass	
  
change:	
  -­‐69	
  Gt	
  /	
  year	
  	
  

•  Mass	
  loss:	
  mostly	
  in	
  
Amundsen	
  sea	
  basins	
  

	
  
•  East	
  Antarc_ca:	
  

gaining	
  substan_al	
  
mass	
  



2009	
  snowfall	
  amount	
  was	
  unprecedented	
  since	
  1979	
  and	
  resul_ng	
  surface	
  mass	
  balance	
  anomaly	
  
was	
  measured	
  the	
  first	
  _me	
  for	
  at	
  least	
  60	
  years.	
  	
  

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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Introduction 



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	
  Antarc_ca	
  counterbalancing	
  the	
  
nega_ve	
  total	
  mass	
  trend	
  over	
  the	
  Antarc_c	
  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.
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Integrated net precipitation (ERA-
Interim) 
CloudSat accumulated snowfall 



Daily	
  snowfall	
  and	
  snow	
  height:	
  
atmospheric	
  rivers	
  =>	
  intense	
  precipita_on	
  =>	
  	
  

anomalous	
  snow	
  accumula_on	
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Atmospheric rivers = narrow,	
  elongated,	
  corridors	
  of	
  enhanced	
  water	
  vapor	
  
transport	
  usually	
  observed	
  in	
  the	
  pre-­‐cold	
  frontal	
  zone	
  of	
  cyclones	
  warm	
  

sector	
  and	
  associated	
  with	
  long-­‐distance	
  moisture	
  transport 
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  East	
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Colors = integrated (900-300hPa) water vapour 
Red arrows = total integrated moisture transport within ARs 
black contours = 500 hPa geopotential height 	
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Precipita1on	
  in	
  observa1ons	
  and	
  models:	
  
	
  	
  
u Importance	
  of	
  high-­‐resolu1on	
  and	
  con1nuous	
  (long-­‐term)	
  
precipita_on	
  measurements	
  –	
  especially	
  in	
  order	
  to	
  capture	
  such	
  
occasional	
  extreme	
  events	
  

u Simultaneous	
  cloud	
  observa1ons	
  to	
  understand	
  precipita_on	
  
forma_on	
  processes	
  

u 	
  Understanding	
  moisture	
  transport	
  and	
  atmospheric	
  dynamics	
  
responsible	
  for	
  precipita_on	
  (especially	
  extreme	
  events)	
  

	
  
u Blowing	
  snow	
  observa1ons	
  to	
  separate	
  precipita_on	
  from	
  snow	
  
deposi_on/erosion	
  by	
  the	
  wind	
  

u Snow	
  height	
  measurements	
  collocated	
  with	
  precipita_on	
  
	
  
u 	
  =>	
  Evalua_ng	
  precipita_on	
  in	
  regional	
  climate	
  models...	
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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)   
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  profiles	
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Meteorological	
  parameters	
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MRR	
  Doppler	
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Effec1ve	
  cloud	
  
base	
  temperature	
  

MRR	
  Ze	
  

13	
  February	
  2012	
  case:	
  
ice	
  cloud,	
  virga,	
  mixed	
  phase	
  cloud,	
  snowfall	
  



Modèle	
  Atmosphéric	
  Régional	
  (MAR)	
  

•  Simula_on	
  over	
  
Dronning	
  Maud	
  Land	
  
centered	
  over	
  Derwael	
  
Ice	
  rise,	
  5	
  km	
  horiz	
  rez	
  

13	
  

Ø  2-­‐moment	
  cloud	
  scheme	
  for	
  ice	
  clouds	
  (ice	
  nuclea_on	
  parameteriza_on	
  
following	
  Meyers	
  et	
  al	
  1992;	
  Prenni	
  et	
  al.	
  2007)	
  	
  

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



	
  

Observa_ons-­‐to-­‐model	
  approach	
  
	
  
Ø Calculate	
  physical	
  parameters	
  using	
  ground-­‐based	
  remote	
  sensing	
  to	
  
compare	
  to	
  the	
  modeled	
  cloud	
  and	
  precipita_on	
  proper_es.	
  Physical	
  
parameters	
  calculated	
  using	
  PE	
  observa_ons:	
  

	
  	
  
-­‐	
  snowfall	
  rate	
  

-­‐	
  cloud	
  base	
  height	
  
-­‐	
  cloud	
  base	
  temperature	
  
-­‐	
  cloud	
  liquid	
  occurrence	
  

-­‐	
  radia_ve	
  fluxes	
  
-­‐	
  cloud	
  radia_ve	
  forcing	
  

	
  

Process-­‐based	
  evalua_on	
  is	
  possible!	
  



Observa_ons-­‐to-­‐model	
  approach:	
  	
  
Snowfall	
  rate	
  

	
  
1)  1-­‐minute	
  radar	
  effec_ve	
  reflec_vity	
  factor	
  is	
  derived	
  using	
  Maahn	
  and	
  Kollias	
  (2009)	
  

processing	
  the	
  raw	
  data	
  
2)  Take	
  Ze	
  at	
  400	
  m	
  agl	
  (10-­‐min	
  dura_on	
  condi_on)	
  	
  
3)  Nine	
  Ze-­‐S	
  rela_onships	
  for	
  dry	
  snow	
  are	
  used	
  to	
  convert	
  Ze	
  to	
  snowfall	
  rate	
  (S)	
  

(Matrosov	
  2007,	
  Kulie	
  and	
  Bennartz	
  2009)	
  as	
  in	
  Gorodetskaya	
  et	
  al	
  (2015)	
  

Ice	
  habit	
  
or	
  parameters	
  	
  

Ze–S	
  rela1onships	
  	
  
	
  

Three-­‐bullet	
  roseNes	
  ∗	
  
Aggregates	
  ∗	
  
	
  Low-­‐density	
  spheres	
  ∗	
  
Aggregate	
  spheroids	
  ∗∗	
  	
  
-­‐	
  increasing	
  r∗∗	
  	
  
-­‐	
  increasing	
  (decreasing)	
  m∗∗	
  
-­‐	
  increasing	
  (decreasing)	
  V	
  ∗∗	
  	
  

Ze	
  =	
  24.04*S1.51	
  
Ze	
  =	
  313.29*S1.85	
  
Ze	
  =	
  19.66*S1.74	
  
Ze	
  =	
  56*S1.2	
  
Ze	
  =	
  34*S1.1	
  
Ze	
  =	
  66*S1.2	
  (Ze	
  =	
  48*S1.2)	
  	
  
Ze	
  =	
  46*S1.2	
  (Ze	
  =	
  67*S1.2)	
  	
  

Table:	
  Ze	
  –S	
  rela1onships	
  (Ze	
  in	
  mm6	
  m−3	
  ,	
  S	
  in	
  mm	
  w.e.	
  h−1	
  )	
  for	
  dry	
  
(unrimed)	
  snow	
  for	
  various	
  snowfall	
  par1cle	
  shapes	
  and	
  parameters.	
  	
  

∗	
  Rela1onships	
  derived	
  by	
  
Kulie	
  and	
  Bennartz	
  (2009)	
  
using	
  different	
  ice	
  habit	
  
models	
  and	
  their	
  
backscaNering	
  
characteris1cs	
  at	
  35	
  GHz;	
  
∗∗	
  Rela1onships	
  derived	
  
by	
  Matrosov	
  (2007)	
  for	
  
aggregated	
  snowflakes	
  
approximated	
  as	
  spheroids	
  
using	
  various	
  assump1ons	
  
on	
  par1cle	
  radius	
  (r),	
  mass	
  
(m)–size	
  rela1ons,	
  and	
  fall	
  
velocity	
  (Vt	
  )–size	
  rela1ons	
  
at	
  34.6	
  GHz.	
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Gorodetskaya	
  et	
  al,	
  Cryosphere	
  2015	
  

SVI/PIP:	
  Snow	
  video	
  imager/Precipita_on	
  Imaging	
  Package	
  (NASA)	
  

Souverijns	
  et	
  al	
  2017,	
  Atm	
  Research	
  	
  



Souverijns	
  et	
  al	
  2017,	
  “Es1ma1ng	
  radar	
  reflec1vity	
  -­‐	
  Snowfall	
  rate	
  rela1onships	
  and	
  their	
  uncertain1es	
  
over	
  Antarc1ca	
  by	
  combining	
  disdrometer	
  and	
  radar	
  observa1ons”,	
  Atm	
  Res,	
  V.	
  196,	
  211–223	
  	
  



Surface	
  mass	
  balance	
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Ø  Gorodetskaya	
  et	
  al	
  “Cloud	
  and	
  precipita0on	
  proper0es	
  from	
  ground-­‐based	
  remote	
  sensing	
  instruments	
  in	
  East	
  
Antarc0ca”,	
  Cryosphere	
  2015	
  

Ø  Thiery	
  et	
  al	
  “	
  Surface	
  and	
  snowdriX	
  sublima0on	
  at	
  Princess	
  Elisabeth	
  sta0on,	
  East	
  Antarc0ca,	
  Cryosphere	
  (2012)	
  	
  
	
  

Radar-­‐derived	
  snowfall	
  rate(2012)	
  =	
  
110	
  ±	
  20	
  mm	
  w.e.	
  yr−1.	
  	
  

SUs	
  and	
  SUds	
  removed	
  together	
  23%	
  of	
  
precipita_on	
  input	
  	
  
(SUs:	
  15	
  ±	
  7	
  and	
  	
  SUds	
  10	
  ±	
  2	
  mm	
  w.e.	
  yr−1).	
  	
  

measured	
  SH	
  =	
  52	
  ±	
  3	
  mm	
  w.e.	
  yr−1	
  	
  

=>	
  ERds	
  removed	
  30	
  %	
  of	
  the	
  
precipita_on	
  input	
  (33	
  ±	
  21	
  mm	
  
w.e.	
  yr−1)	
  	
  



Observa_ons-­‐to-­‐model	
  approach:	
  
	
  Cloud	
  base	
  height	
  

	
  
1)  Ceilometer	
  raw	
  data	
  =	
  atenuated	
  backscater	
  profile	
  (beta)	
  
2)  Noise	
  reduc_on	
  
3)  Polar	
  Threshold	
  algorithm	
  (Van	
  Tricht,	
  K.,	
  Gorodetskaya,	
  I.	
  V.,	
  Lhermite,	
  S.,	
  Turner,	
  D.	
  D.,	
  Schween,	
  J.	
  

H.,	
  and	
  Van	
  Lipzig,	
  N.	
  P.	
  M.:	
  An	
  improved	
  algorithm	
  for	
  polar	
  cloud-­‐base	
  detec_on	
  by	
  ceilometer	
  over	
  the	
  ice	
  
sheets,	
  Atmos.	
  Meas.	
  Tech.,	
  7,	
  1153-­‐1167,	
  doi:10.5194/amt-­‐7-­‐1153-­‐2014,	
  2014.)	
  

Theore1cal	
  working	
  of	
  the	
  Polar	
  Threshold	
  
algorithm	
  for	
  detec1ng	
  cloud	
  base	
  height	
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b)
Comparison	
  of	
  cloud	
  base	
  height	
  detec_on	
  from	
  different	
  
algorithms	
  (Vaisala,	
  THT	
  and	
  PT)	
  

Van	
  Tricht	
  et	
  al	
  2014,	
  AMT	
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J F M A M J J A S O N D MAR model
PE data mean
PE data range

Daily	
  snowfall	
  rate	
  during	
  2012	
  from	
  PE	
  obs	
  and	
  models	
  

MAR	
  model	
  

RACMO	
  model	
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Ø  Extreme	
  values	
  are	
  generated	
  
by	
  different	
  processes	
  =>	
  the	
  
sta_s_cs	
  of	
  (and	
  underlying	
  
PDFs	
  corresponding	
  	
  to)	
  the	
  
different	
  physical	
  processes	
  
may	
  be	
  different	
  

	
  
Ø  Antarc_c	
  escarpment	
  zone:	
  

desert..	
  any	
  precipita_on	
  
amount	
  is	
  “extreme	
  value”	
  
and	
  correspond	
  to	
  synop1c	
  
regime,	
  while	
  most	
  extreme	
  
values	
  standing	
  out	
  =	
  
atmospheric	
  rivers	
  

	
  
Ø  Compare	
  distribu_ons	
  using	
  

GEV	
  distribu_on	
  –	
  Weibull	
  
	
  (as	
  for	
  gamma	
  distribu_on	
  for	
  
strong	
  posi_ve	
  skewness	
  use	
  	
  
shape	
  parameter	
  α	
  <1)	
  

Daily	
  SR	
  distribu1ons	
  

MAR	
  model	
  

PE	
  data	
  (derived	
  from	
  MRR)	
  

Precipita_on	
  sta_s_cs	
  	
  



0 0.5 1
0

0.2

0.4

0.6

0.8

1
SR <= 1mm w.e./ day

M
od

el
 s

no
wf

al
l r

at
e,

 m
m

 w
.e

.

PE MRR snowfall rate, mm w.e.
5 10 15

2

4

6

8

10

12

14

16

18
SR > 1mm w.e./ day

PE MRR snowfall rate, mm w.e.

M
od

el
 s

no
wf

al
l r

at
e,

 m
m

 w
.e

.

 

 

RACMO
MAR

ScaNer	
  plots	
  of	
  daily	
  snowfall	
  rate:	
  	
  
models	
  vs	
  PE	
  obs	
  for	
  small	
  daily	
  SR	
  (<=1	
  mmwe	
  /	
  day)	
  and	
  large	
  daily	
  SR	
  (>	
  1	
  mmwe/day)	
  

Precipita_on	
  sta_s_cs	
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Cloud	
  proper_es	
  sta_s_cs	
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All CBH without snowfall
Ice−only clouds
Liquid−containing clouds

Cloud	
  base	
  heights	
  occurrence	
  frequency	
  
for	
  PE	
  obs,	
  MAR	
  and	
  RACMO	
  for	
  all,	
  ice-­‐
only,	
  and	
  liquid-­‐containing	
  clouds	
  during	
  
February	
  2012	
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SW	
  transmiNance	
  for	
  all	
  atmospheric	
  states	
  –	
  cloudy	
  or	
  clear	
  	
  
from	
  PE	
  obs	
  (AWS	
  radiometers),	
  RACMO	
  and	
  MAR	
  models	
  	
  

during	
  February	
  2012	
  

Ø  Clear	
  sky	
  SW	
  transmitance:	
  too	
  high	
  in	
  both	
  
MAR	
  and	
  RACMO	
  model	
  (lack	
  of	
  water	
  
vapour!)	
  

	
  
Ø  Cloudy	
  SW	
  transmitance	
  for	
  t>0.6	
  :	
  too	
  high	
  in	
  

both	
  models	
  (op_cally	
  thin	
  ice	
  clouds	
  are	
  too	
  
thin)	
  

	
  
Ø  Cloudy	
  SW	
  for	
  t<0.5	
  (liquid-­‐containing	
  clouds):	
  

MAR	
  beter	
  compares	
  to	
  observa_ons,	
  while	
  
RACMO	
  underes_mate	
  liquid-­‐containing	
  
clouds	
  (rela_vely	
  low	
  transmitance)	
  

t = SWin

SWin_TOA

Clear	
  sky	
  and	
  
thin	
  ice	
  clouds	
  
(median	
  t	
  =0.79)	
  

Clouds	
  

Radia_ve	
  fluxes	
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Radia_ve	
  fluxes	
  

SW	
  cloud	
  forcing	
  for	
  PE	
  obs	
  (AWS	
  radiometers),	
  RACMO	
  and	
  MAR	
  models	
  
during	
  February	
  2012	
  	
  

Ø  PE	
  obs:	
  high	
  frequency	
  clouds	
  with	
  
SWCF=-­‐200..-­‐150	
  W	
  m-­‐2	
  (liquid	
  
containing!)	
  

Ø  RACMO	
  misses	
  these	
  clouds	
  completely	
  
Ø  MAR	
  has	
  less	
  frequent	
  but	
  op_cally	
  

thicker	
  clouds	
  compared	
  to	
  PE	
  obs	
  
Ø  Both	
  models	
  skew	
  towards	
  op_cally	
  thin	
  

(ice)	
  clouds	
  

SWin (clearsky) = t0 (clearsky)∗SWin_TOA

CFSW = SWin − SWin (clearsky)



Warm	
  synop1c	
  regime	
  day	
  at	
  PE	
  
(regime	
  defini_on	
  by	
  Gorodetskaya	
  et	
  al.	
  JGR2013)	
  

Case/process	
  studies	
  
•  Case	
  1:	
  13	
  Feb	
  2012:	
  ice	
  and	
  mixed	
  phase	
  clouds	
  with	
  virga	
  and	
  snowfall	
  



Case/process	
  studies	
  
	
  
•  Case	
  1:	
  13	
  Feb	
  2012:	
  ice	
  and	
  mixed	
  phase	
  clouds	
  with	
  virga	
  and	
  snowfall	
  

Integrated	
  water	
  vapour	
  Heat	
  advec_on	
  



Cloud	
  ver1cal	
  structure	
  from	
  ceilometer	
  	
  
(13	
  Feb	
  2012)	
  

ice	
  cloud/virga	
  

mixed	
  phase	
  clouds	
  

snowfall	
  

Ceilometer	
  βaN	
  



Effec1ve	
  cloud	
  base	
  
temperature	
  from	
  pyrometer	
  

(13	
  Feb	
  2012)	
  



Radar	
  effec1ve	
  reflec1vity	
  Ze	
  from	
  MRR	
  
(13	
  Feb	
  2012)	
  

High	
  Ze	
  but	
  not	
  reaching	
  the	
  
surface	
  (virga)	
  

Snowfall	
  with	
  weak	
  Ze	
  

•  Important	
  also	
  for	
  Cloudsat,	
  which	
  misses	
  the	
  first	
  1-­‐1.3	
  km	
  above	
  ground:	
  

•  In	
  this	
  case	
  virga	
  will	
  be	
  considered	
  as	
  snowfall	
  by	
  Cloudsat	
  and	
  the	
  

shallow	
  aAernoon	
  snowfall	
  will	
  be	
  missed!	
  



Doppler	
  velocity	
  from	
  MRR	
  
(13	
  Feb	
  2012)	
  

Virga:	
  smaller	
  V	
  

Snowfall:	
  higher	
  V	
  	
  

•  Doppler	
  V	
  =	
  ParGcle	
  fallspeed	
  +	
  air	
  W	
  

•  Snowfall	
  at	
  PE:	
  high	
  Vhoriz	
  >>	
  W	
  =>	
  Doppler	
  V	
  ~	
  parGcle	
  fallspeed	
  

•  ParGcle	
  fallspeed	
  =	
  f(shape	
  and	
  size)	
  



MRR	
  Doppler	
  velocity	
  

Ceilometer	
  βaN	
  

Effec1ve	
  cloud	
  
base	
  temperature	
  

MRR	
  Ze	
  

13	
  February	
  2012	
  case:	
  
ice	
  cloud,	
  virga,	
  mixed	
  phase	
  cloud,	
  snowfall	
  



Case/process	
  studies	
  
•  Case	
  2:	
  6	
  Nov	
  2012	
  -­‐	
  atmospheric	
  river	
  with	
  extreme	
  precipita1on	
  and	
  accumula1on	
  
Two	
  days	
  iden0fied	
  as	
  one	
  con0nuous	
  AR	
  event	
  (Gorodetskaya	
  et	
  al.	
  2014,	
  GRL)	
  

	
  



MRR-­‐derived	
  products	
  for	
  05-­‐06	
  November	
  2012	
  	
  

Raw	
  data	
  processing:	
  Maahn	
  and	
  Kollias	
  2012)	
  	
  	
  	
  

Much stronger precipitation during an AR event                                                      




Snowfall	
  evalua_on:	
  
model-­‐to-­‐observa_ons	
  approach:	
  comparing	
  Ze	
  from	
  PE	
  

PE	
  MRR	
  and	
  simulated	
  by	
  MAR	
  model	
  
	
  

Forward	
  model	
  
PAMTRA	
  –	
  Passive	
  and	
  
Ac_ve	
  Microwave	
  radia_ve	
  
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	
  evalua_on:	
  
model-­‐to-­‐observa_ons	
  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	
  



Conclusions	
  

u  Antarc_c	
  surface	
  SMB	
  is	
  dependent	
  on	
  many	
  processes	
  =>	
  snowfall	
  es_mates	
  are	
  
necessary	
  for	
  model	
  evalua_on	
  and	
  process	
  understanding	
  

	
  
u  MRR	
  measurements	
  give	
  an	
  opportunity	
  to	
  obtain	
  high-­‐resolu_on	
  es_mates	
  of	
  snowfall	
  

rate	
  and	
  relate	
  them	
  to	
  the	
  snow	
  accumula_on	
  on	
  the	
  ground	
  	
  
	
  
u Work	
  is	
  con_nued	
  to	
  reduce	
  the	
  uncertainty	
  in	
  the	
  derived	
  SR	
  due	
  to	
  the	
  range	
  of	
  possible	
  

Ze–S	
  rela_onships	
  =>	
  constrain	
  Ze-­‐S	
  using	
  SVI	
  	
  	
  
	
  
u  RCMs	
  overes_mate	
  intense	
  snowfall	
  events	
  =>	
  improve	
  parameteriza_ons	
  
	
  
u  Cloud	
  proper_es	
  can	
  shed	
  light	
  to	
  precipita_on	
  biases	
  in	
  models	
  (tendency	
  to	
  

overes_mate	
  snowfall	
  and	
  ice	
  clouds	
  –	
  very	
  fast	
  conversion	
  liquid	
  to	
  ice?	
  Bergeron-­‐
Findeisen	
  process	
  in	
  models	
  –	
  different	
  parameteriza_ons/parameters	
  

u  MAR	
  BF	
  process	
  modifica_on	
  =>	
  improved	
  results	
  



Thank you for your attention! 	


Your questions and feedback are most welcome!	
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