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2) Synthetic data study: retrieval performance 

30 May 2013, 08-16 UTC (see Fig.1): create LWC and REF pro!les („truth“) 
based on observed LWP and Z values (Frisch et al. 1998; 2002) à simulate 
TBMWR and Zcloud „observations“ à IPT LWC & REF à  comparison to „truth“ 

 

Figure	
  3.	
  Sca$er	
  plots	
  of	
  true	
  and	
  retrieved	
  LWP	
  (le7),	
  LWC	
  (middle)	
  and	
  REF	
  (right)	
  for	
  syntheBc	
  
case	
  study	
  on	
  May	
  30,	
  2013	
  at	
  JOYCE.	
  Values	
  in	
  ()	
  refer	
  to	
  profiles	
  with	
  LWP>10	
  gm-­‐2.	
  

Identi!cation of biased MWR TBs 

Figure	
  1.	
  SchemaBc	
  of	
  the	
  IPT.	
  The	
  IPT	
  has	
  
been	
  recently	
  extended	
  to	
  also	
  retrieve	
  
profiles	
  of	
  droplet	
  effecBve	
  radius	
  (REF)	
  
including	
  updated	
  prior	
  informaBon	
  on	
  LWC	
  
and	
  REF	
  and	
  a	
  new	
  forward	
  model	
  for	
  Z.	
  	
  

Theoretical retrieval error and 
degrees of freedom for signal 

Effect of inappropriate forward 
model assumptions 
How	
  large	
  is	
  the	
  retrieval	
  error	
  if	
  the	
  
true	
  DSD	
  differs	
  from	
  the	
  assumed	
  
one?	
  
à	
  simulate	
  TB	
  and	
  Z„observaBons“	
  
for	
  typically	
  observed	
  DSDs	
  but	
  as-­‐
sume	
  lognormal	
  DSD	
  (σx=0.38)	
  in	
  IPT	
  

Figure	
  7.	
  Spread	
  of	
  rel.	
  RMSE	
  of	
  LWP,	
  
LWC	
  and	
  REF	
  due	
  to	
  differences	
  in	
  the	
  
assumed	
  (logn)	
  and	
  true	
  DSD.	
  

standard	
  
noise	
  

2x	
  	
  
TB	
  noise	
  

2x	
  
Z	
  noise	
  

correlated	
  
TB	
  noise	
  

DOF	
  
T	
   2.3	
   1.9	
   2.3	
   2.4	
  
q	
   1.6	
   1.3	
   1.6	
   1.6	
  

LWC	
  (%)	
   29.0	
   28.4	
   28.8	
   29.0	
  
REF	
  (%)	
   28.8	
   28.7	
   28.6	
   28.8	
  

IPT	
  uncertainty	
  
LWC	
  (gm-­‐3)	
   0.06	
   0.07	
   0.06	
   0.06	
  
REF	
  (µm)	
   0.6	
   0.6	
   0.6	
   0.6	
  

converged	
  profiles	
   97	
  %	
  (376	
  of	
  385)	
  
theore>cal	
  retrieval	
  uncertain>es	
  (mean±stddev)	
  
LWC	
   52±23%	
  
REF	
   17±6%	
  
degrees	
  of	
  freedom	
  for	
  signal	
  (DOF)	
  in	
  profile	
  of	
  
LWC	
  (normalized	
  by	
  #	
  cloud	
  layers)	
   29±6%	
  
REF	
  (normalized	
  by	
  #	
  cloud	
  layers)	
   29±5%	
  
temperature	
   2.3±0.01	
  
absolute	
  humidity	
   1.6±0.04	
  

•  IPT	
  performs	
  very	
  well	
  in	
  idealized	
  condiBons:	
  
-  RMSE	
  for	
  LWC	
  and	
  REF	
  ~20%	
  
-  theoreBcal	
  unc.	
  for	
  LWC	
  and	
  REF:	
  52	
  and	
  17%	
  
-  physically	
  consistent	
  results	
  
-  results	
  sensiBve	
  to	
  changes	
  in	
  TB	
  noise	
  but	
  less	
  

to	
  Z	
  noise	
  (due	
  to	
  relaBvely	
  large	
  forward	
  model	
  
uncertainty	
  in	
  Z)	
  

-  deviaBon	
  of	
  assumed	
  DSD	
  from	
  true	
  one	
  may	
  
increase	
  REF	
  error	
  up	
  to	
  30%	
  

• Χ2	
  test	
  on	
  yIPT-­‐y	
  essenBal	
  quality	
  check;	
  also	
  

1 Synthetic data study

1.1 Retrieval performance

How good is the IPT performance in idealized conditions?
Total ! profiles: 389
! conv. prof.: 376
! conv. prof. CS: 1
! conv. prof. CL: 375
! no retrieval: 4
! abort. prof.: 9
! inversion error: 0
! too many iterations: 1
! neg. cost function: 0
! PAMTRA aborted: 3
! neg. abs. coef.: 5
MEAN ! iterations: 5.05585
Chi1 fullfilled: 367 of 385 0.976064
rel. DOF LWC MEAN/STD 29.0314 5.68130
rel. DOF REF MEAN/STD 28.7897 5.14501
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Figure 1: Scatter plots of true and retrieved LWP (left), LWC (middle) and REF (right) for
synthetic case study on May 30, 2013 at JOYCE. Values in () for profiles with LWP>10 gm−2

only.
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  indicator	
  for	
  measurement	
  problems	
  
•  bias	
  free	
  measurements	
  crucial	
  	
  
à	
  detailed	
  measurement	
  analysis	
  necessary	
  
•  applicability	
  of	
  IPT	
  mainly	
  limited	
  by	
  cloud	
  
condiBons	
  and	
  instrument	
  data	
  availability	
  
•  reasonable	
  agreement	
  with	
  independent	
  data	
  
	
  
•  IPT	
  data	
  status	
  at	
  JOYCE	
  &	
  RAO:	
  
data	
  for	
  2013	
  (also	
  2014	
  for	
  RAO)	
  currently	
  
processed	
  and	
  uploaded	
  to	
  data	
  base	
  soon	
  

Are the retrieved pro!les con-
sistent with the measurements?  

Can the true profiles and the measurements be reproduced within the assumed uncertainties?

Figure 8: Time series of Chi-square test on y obs-y ret for synthetic case study on May 30,
2013 at JOYCE.

Figure 9: Time series of Chi-square test on x true-x ret for synthetic case study on May 30,
2013 at JOYCE.
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Figure 5: Theoretical retrieved temperature (left) and abs. humidity (right) error for syn-
thetic case study on May 30, 2013 at JOYCE.

Figure 6: Degrees of freedom for signal in temperature (left) and abs. humidity (right) profile
for synthetic case study on May 30, 2013 at JOYCE.
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Sensitivity to measurement noise 
Table 1: DOF and theoretical retrieval error (in %) for REF and LWC for different variances
in Se.

standard noise 2x TB noise 2x Z noise
DOF

T 2.3 1.9 2.3
q 1.6 1.3 1.6
LWC 29.0 28.4 28.8
REF 28.8 28.7 28.6
rel. IPT

error

LWC 0.06 0.07 0.06
REF 0.6 0.6 0.6

Figure 13: Difference in theoretical retrieved temperature (left) and abs. humidity (right)
error for synthetic case study on May 30, 2013 at JOYCE. IPT with doubled TB noise minus
IPT with original TB noise.
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Figure	
  2.	
  Examples	
  for	
  different	
  possible	
  
Cloudnet	
  cloud	
  classificaBons	
  in	
  the	
  
atmospheric	
  column	
  where	
  the	
  IPT	
  can	
  and	
  can	
  
not	
  be	
  applied	
  .	
  	
  

Figure	
  4.	
  TheoreBcal	
  retrieved	
  temperature	
  (le7)	
  
and	
  abs.	
  humidity	
  (right)	
  error	
  for	
  syntheBc	
  case	
  
study	
  on	
  May	
  30,	
  2013	
  at	
  JOYCE.	
  

Figure	
  5.	
  Time	
  series	
  of	
  Χ2	
  test	
  on	
  yIPT-­‐y	
  for	
  
syntheBc	
  case	
  study	
  on	
  May	
  30,	
  2013	
  at	
  JOYCE.	
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  RMSE:	
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  (17)	
  %	
  

BIAS:	
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•  Χ2	
  test	
  on	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  :	
  	
  	
  	
  	
  	
  	
  	
  
	
  	
  	
  	
  	
  	
  should	
  be	
  Gaussian	
  distributed	
  
with	
  zero	
  mean	
  and	
  covariance	
  

•  here:	
  physically	
  consistent	
  soluBon	
  
in	
  98%	
  of	
  the	
  converged	
  cases	
  	
  
(Fig.	
  5)	
  

26 4. Netcdf output file and analysis of results

hypothesis tests, the acceptance of the null hypothesis and not of the alternative hypothesis
is desirable, since then the fitting of the distribution is rated as significant and thus accepted.
If the hypothesis is rejected, i.e. in cases where χ2 is large, the difference to the theoretical
Gaussian distribution is significant and the retrieval results are suspicious. Tests can be
performed for different z and corresponding Sz. For example, Sz can be δŷ, i.e the difference
between ŷ and y. δŷ should be a member of a Gaussian ensemble with zero mean and the
covariance Sδŷ (see also next section). If this is not the case, then the retrieval might have
converged to a spurious minimum. In order to check, if the difference between the data
sample and the assumed Gaussian disribution is significant at a certain significance level Si,
one needs to calculate the corresponding percentile value of the χ2 distribution with m or n
degrees of freedom, respectively, depending if the test is performed in the measurement or
state space. The Si level is set to 95%.

4.1.2 Consistency of the retrieval with the measurement

Once the iteration has converged, we must test whether it has converged to the correct answer.
With a nonlinear problem it is quite possible to find a spurious minimum of the cost function
being minimized. The test is carried out by evaluating the forward model for the retrieval,
and comparing it with the measurement. It is checked whether this difference is statistically
significant at the 95% significance level. The corresponding matrix for z = δŷ = ŷ − y is

Sδŷ = Se
(

KSaK
T + Se

)

−1
Se. (4.2)

If the test indicate a significant difference while a test on y − ya does not, then we would
expect the cause to be incorrect convergence.

4.1.3 Consistency of the measured signal with the a priori

In the nearly linear approximation, the ensemble covariance of y − ya is expected to be

Sy = KSaK
T + Se. (4.3)

with the χ2 distribution having m degrees of freedom. Departure of the actual distribution
of χ2 from the one theoretically expected may indicate non-Gaussian a priori or noise. The
presence of outliers may indicate intermittent instrument problems or unanticipated atmo-
spheric behavior. In cases of significant differences, the individual values of y − ya could
further be investigated by performing a χ2 test with one degree of freedom on each element
on y.

4.1.4 Consistency of the retrieval with the a priori

If the test before has been passed, then the next step would be to compare the retrieval with
the a priori, i.e. performing a χ2 test on x̂ − xa. This test is also valid in the moderately
non-linear approximation in the optimal case and thus of wider validity than the test 4.1.3.
The covariance can then be written as

Sx̂ = SaK
T
(

KSaK
T + Se

)

−1
KSa. (4.4)

If the χ2 test on y − ya is satisfactory, either for individual measurements or the ensemble,
and the corresponding test on x̂−xa is not, then there is a problem with the retrieval process
itself.
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Sδŷ = Se
(

KSaK
T + Se

)

−1
Se. (4.2)

If the test indicate a significant difference while a test on y − ya does not, then we would
expect the cause to be incorrect convergence.

4.1.3 Consistency of the measured signal with the a priori

In the nearly linear approximation, the ensemble covariance of y − ya is expected to be

Sy = KSaK
T + Se. (4.3)

with the χ2 distribution having m degrees of freedom. Departure of the actual distribution
of χ2 from the one theoretically expected may indicate non-Gaussian a priori or noise. The
presence of outliers may indicate intermittent instrument problems or unanticipated atmo-
spheric behavior. In cases of significant differences, the individual values of y − ya could
further be investigated by performing a χ2 test with one degree of freedom on each element
on y.

4.1.4 Consistency of the retrieval with the a priori

If the test before has been passed, then the next step would be to compare the retrieval with
the a priori, i.e. performing a χ2 test on x̂ − xa. This test is also valid in the moderately
non-linear approximation in the optimal case and thus of wider validity than the test 4.1.3.
The covariance can then be written as

Sx̂ = SaK
T
(

KSaK
T + Se

)

−1
KSa. (4.4)

If the χ2 test on y − ya is satisfactory, either for individual measurements or the ensemble,
and the corresponding test on x̂−xa is not, then there is a problem with the retrieval process
itself.

26 4. Netcdf output file and analysis of results

hypothesis tests, the acceptance of the null hypothesis and not of the alternative hypothesis
is desirable, since then the fitting of the distribution is rated as significant and thus accepted.
If the hypothesis is rejected, i.e. in cases where χ2 is large, the difference to the theoretical
Gaussian distribution is significant and the retrieval results are suspicious. Tests can be
performed for different z and corresponding Sz. For example, Sz can be δŷ, i.e the difference
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Table	
  2.	
  DOF	
  and	
  theo-­‐
reBcal	
  retrieval	
  
uncertainty	
  for	
  REF	
  and	
  
LWC	
  for	
  modified	
  
measurement	
  error	
  
covariance	
  matrices	
  Se.	
  

Decimal	
  hours	
  on	
  20130530	
  /	
  UTC	
  

Ch
i-­‐s
qu

ar
e	
  
va
lu
e	
  
fo
r	
  y

IP
T-­‐y

	
  

à experiments	
  with	
  doubled	
  TB	
  and	
  Z	
  noise	
  
à experiment	
  with	
  correlated	
  TB	
  noise	
  

(correlaBons	
  based	
  on	
  typical	
  observed	
  values)	
  	
  

IPT	
  	
  T	
  uncertainty	
  diff.	
  	
  /	
  K	
   IPT	
  	
  q	
  uncertainty	
  diff.	
  	
  /	
  gm-­‐3	
  

He
ig
ht
	
  	
  /
	
  k
m
	
  

Table 1: DOF and theoretical retrieval error (in %) for REF and LWC for different variances
in Se.

standard noise 2x TB noise 2x Z noise
DOF

T 2.3 1.9 2.3
q 1.6 1.3 1.6
LWC 29.0 28.4 28.8
REF 28.8 28.7 28.6
rel. IPT

error

LWC 0.06 0.07 0.06
REF 0.6 0.6 0.6

Figure 13: Difference in theoretical retrieved temperature (left) and abs. humidity (right)
error for synthetic case study on May 30, 2013 at JOYCE. IPT with doubled TB noise minus
IPT with original TB noise.
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Figure	
  6.	
  Differences	
  in	
  
theoreBcal	
  uncertainty	
  
for	
  retrieved	
  tempera-­‐
ture	
  (le7)	
  and	
  abs.	
  
humidity	
  (right)	
  profiles	
  
if	
  TB	
  noise	
  is	
  doubled.	
  
Results	
  for	
  syntheBc	
  
case	
  study	
  on	
  May	
  30,	
  
2013	
  at	
  JOYCE.	
  	
  

1.3 Impact of forward model assumptions

Figure 15: Spread of rel. RMSE of LWP, LWC and REF due to differences in the assumed
and true DSD.
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•  o7en	
  large	
  discrepancies	
  between	
  sim-­‐
ulated	
  and	
  observed	
  TBs	
  (see	
  example	
  
for	
  liquid	
  cloud	
  cases	
  8	
  Oct	
  2013;	
  Fig.	
  8)	
  
resulBng	
  in	
  failure	
  of	
  Χ2	
  test	
  (Fig.	
  9a)	
  

à	
  Are	
  the	
  MWR	
  TBs	
  biased?	
  
Figure	
  8.	
  Time	
  
series	
  of	
  
differences	
  in	
  
simulated	
  and	
  
observed	
  TBs	
  on	
  
Oct	
  8,	
  2013	
  at	
  
JOYCE.	
  All	
  MWR	
  
channels	
  included.	
  

Figure	
  9.	
  Time	
  series	
  of	
  Χ2	
  test	
  on	
  yIPT-­‐y,	
  including	
  all	
  TB	
  
channels	
  (a),	
  excluding	
  31.4	
  GHz	
  (b)	
  and	
  also	
  51.26,	
  
52.28	
  and	
  53.86	
  GHz	
  (c).	
  

•  TBs	
  of	
  K-­‐	
  (22.24-­‐31.4	
  GHz)	
  and	
  V-­‐band	
  
(51.26-­‐58.0	
  GHz)	
  have	
  typical	
  clear-­‐sky	
  
spectra	
  (Fig.	
  10)	
  à	
  test	
  if	
  TB	
  differences	
  
of	
  two	
  channels	
  are	
  in	
  expected	
  range	
  

Figure	
  10.	
  Mean	
  TBs	
  and	
  1-­‐σ	
  values	
  of	
  
the	
  7	
  K	
  band	
  frequencies	
  based	
  on	
  
7761	
  radiosonde	
  forward	
  calculaBons.	
  

•  31.4	
  GHz:	
  TB	
  differences	
  are	
  not	
  
within	
  2-­‐σ	
  starBng	
  from	
  June	
  2013	
  
(Fig.	
  11)	
  à	
  spectral	
  inconsistency	
  
•  exclusion	
  of	
  31.4	
  GHz	
  improves	
  
retrieval	
  performance	
  (Fig.	
  9b)	
  
•  lowest	
  51.26-­‐54.94	
  GHz	
  channels	
  
show	
  tendency	
  not	
  to	
  be	
  within	
  1-­‐σ	
  
•  exclusion	
  of	
  51.26-­‐53.86	
  GHz	
  can	
  
further	
  stabilize	
  retrieval	
  (Fig.	
  9c)	
  

Figure	
  11.	
  Data	
  flag	
  of	
  31.4	
  GHz	
  channel	
  indicaHng	
  
if	
  TB	
  difference	
  between	
  31.4	
  GHz	
  and	
  other	
  
freqeuency	
  is	
  within	
  2-­‐σ.	
  Only	
  days	
  with	
  at	
  least	
  
100	
  2-­‐min	
  clear	
  sky	
  cases	
  are	
  considered.	
  

Figure 19: Time series of Chi-square value: y obs / y ret for cloudy (grey) and clear-sky
(black) cases on 20131008. The threshold value is in red.

Figure 20: Time series of Chi-square value: y obs / y a for cloudy (grey) and clear-sky (black)
cases on 20131008. The threshold value is in red.
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Figure 19: Time series of Chi-square value: y obs / y ret for cloudy (grey) and clear-sky
(black) cases on 20131008. The threshold value is in red.

Figure 20: Time series of Chi-square value: y obs / y a for cloudy (grey) and clear-sky (black)
cases on 20131008. The threshold value is in red.
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Figure 19: Time series of Chi-square value: y obs / y ret for cloudy (grey) and clear-sky
(black) cases on 20131008. The threshold value is in red.

Figure 20: Time series of Chi-square value: y obs / y a for cloudy (grey) and clear-sky (black)
cases on 20131008. The threshold value is in red.

18

Χ2
	
  v
al
ue

	
  fo
r	
  y

IP
T-­‐y

	
  

Decimal	
  hours	
  on	
  20130530	
  /	
  UTC	
  
0	
   6	
   12	
   18	
   24	
  

Χ2
	
  v
al
ue

	
  fo
r	
  y

IP
T-­‐y

	
  
Χ2
	
  v
al
ue

	
  fo
r	
  y

IP
T-­‐y

	
   a)	
  
threshold	
  value	
  for	
  significant	
  difference	
  	
  
at	
  5%	
  level	
  
IPT	
  clear	
  sky	
  /	
  cloudy	
  

b)	
  

c)	
  

10-15 kgm-2 IWV

22 24 26 28 30 32
Frequency / GHz

15

20

25

30

TB
 / 

K

02 03 04 05 06 07 08 09 10 11 122013

bad

 

NN

 

ok

31
.4

-2
2.

24
 fl

ag

hot load noise diode LN2 sky tip

02 03 04 05 06 07 08 09 10 11 122013

bad

 

NN

 

ok

31
.4

-2
3.

04
 fl

ag

hot load noise diode LN2 sky tip

02 03 04 05 06 07 08 09 10 11 122013

bad

 

NN

 

ok

31
.4

-2
3.

84
 fl

ag

hot load noise diode LN2 sky tip

02 03 04 05 06 07 08 09 10 11 122013

bad

 

NN

 

ok

31
.4

-2
5.

44
 fl

ag

hot load noise diode LN2 sky tip

02 03 04 05 06 07 08 09 10 11 122013

bad

 

NN

 

ok

31
.4

-2
6.

24
 fl

ag

hot load noise diode LN2 sky tip

02 03 04 05 06 07 08 09 10 11 12
2013

bad

 

NN

 

ok

31
.4

-2
7.

84
 fl

ag

hot load noise diode LN2 sky tip

Figure 7: Time series indicating if TB differences of the channels are within 2-sigma or not.
If at least 50% of the applied tests per day are within (without) 2-sigma, the measurement
performance is rated as ok (bad). If the number of the applied tests per day is smaller than
100 (too few 6 min clear sky time periods or no IWV information), no rating is performed
(NN).
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  1.	
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  on	
  30	
  
May	
  2013,	
  8-­‐16	
  UTC.	
  

	
  
threshold	
  value	
  for	
  significant	
  difference	
  	
  
at	
  5%	
  level	
  
IPT	
  clear	
  sky	
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  cloudy	
  

Figure	
  12.	
  IPT	
  data	
  availablity	
  for	
  2014	
  when	
  all	
  MWR	
  
frequencies	
  are	
  included	
  (a)	
  and	
  when	
  the	
  most	
  biased	
  MWR	
  
channels	
  in	
  the	
  V	
  band	
  (51.25,	
  52.28,	
  53.85	
  GHz)	
  are	
  excluded	
  
(b).	
  Numbers	
  given	
  as	
  percentage	
  values	
  with	
  respect	
  to	
  the	
  
total	
  number	
  of	
  365*2880	
  possible	
  profiles	
  over	
  the	
  full	
  year.	
  
Numbers	
  in	
  ()	
  for	
  2013.	
  

Figure	
  13.	
  Data	
  quality	
  staBsBcs	
  of	
  converged	
  liquid	
  cloud	
  cases	
  in	
  2013	
  
(in	
  %)	
  regarding	
  A)	
  consistency	
  with	
  measurements	
  (Χ2	
  test	
  on	
  yIPT-­‐y),	
  B)	
  
no	
  unrealisBc	
  supersaturaBon	
  in	
  profile	
  and	
  C)	
  realisBc	
  in-­‐cloud	
  humi-­‐
dity	
  (RH	
  >	
  95%).	
  %	
  values	
  in	
  green	
  (red)	
  boxes	
  indicate	
  good	
  (bad)	
  data.	
  	
  

Data availability & impact of biased TBs Further quality  checks 

•  IPT	
  data	
  available	
  42%	
  (2013)	
  and	
  39%	
  (2014)	
  
of	
  Bme	
  
•  exclusion	
  of	
  likely	
  biased	
  channels	
  
significantly	
  increases	
  cloud	
  case	
  
convergence	
  rate	
  from	
  4.7	
  to	
  12.1%	
  
•  in	
  cases	
  where	
  IPT	
  can	
  be	
  applied,	
  
convergence	
  rate	
  of	
  98%	
  

•  liquid	
  cloud	
  cases:	
  results	
  largely	
  consistent	
  with	
  
observaBons	
  but	
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  unrealisBc	
  supersaturaBon	
  
and	
  too	
  small	
  in-­‐cloud	
  humidiBes	
  à	
  also	
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  to	
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  informaBon	
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  and	
  q	
  
•  comparison	
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•  comparison	
  to	
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  are	
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  2	
  kgm-­‐2	
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Figure 18: Time series of differences between simulated and observed MWR brightness tem-
peratures TB (top) and cloud radar reflectivities Z (bottom) on 20131008.
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Figure 18: Time series of differences between simulated and observed MWR brightness tem-
peratures TB (top) and cloud radar reflectivities Z (bottom) on 20131008.
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Figure 18: Time series of differences between simulated and observed MWR brightness tem-
peratures TB (top) and cloud radar reflectivities Z (bottom) on 20131008.
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