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•  Cloud	
  typing	
  High	
  Resolu1on	
  Infrared	
  Radia1on	
  Sounder	
  (HIRS)	
  
spectral	
  radiances	
  using	
  Advanced	
  Very	
  High	
  Resolu1on	
  
Radiometer	
  (AVHRR)	
  cloud	
  characteriza1on	
  

•  Cloud	
  typing	
  AIRS	
  spectral	
  radiances	
  using	
  MODIS	
  cloud	
  
characteriza1on	
  

	
  

•  Linking	
  together	
  AIRS/MODIS	
  and	
  HIRS/AVHRR	
  at	
  pixel	
  scale	
  

Three	
  research	
  thrusts	
  



•  Summarize	
  use	
  of	
  HIRS	
  and	
  AVHRR	
  
-­‐  Matching  of  AVHRR  pixels  within  HIRS  footprint


•  Cloud-­‐type	
  determina1on	
  for	
  every	
  HIRS	
  footprint	
  
-­‐  Two  types  of  cloud  classifica@on:  CLAVR-­‐x  versus  ISCCP	
  

•  Inves1gate	
  par1cular	
  NOAA	
  and	
  MetOp	
  satellite	
  intersects	
  
-­‐  Inter-­‐satellite  differences  (N18  vs.  N19,  same  configura@on)

-­‐  HIRS  spa@al  resolu@on  changes  (N16  vs.  MetOp-­‐B,  20  km  vs.  10  km)


-­‐  Diurnal  variability/changes  (MetOp-­‐A  vs.  N19,  930  am  vs.  130  pm)


-­‐  Transi@on  from  La  Niña  to  El  Niño  (N18  in  2008  vs.  2009)	
  

•  Lay	
  groundwork	
  for	
  extending	
  record	
  back	
  through	
  1979	
  
-­‐  Be\er  es@mates  of  cloud-­‐type  trends  at  regional  scales


What	
  is	
  the	
  point	
  of	
  this	
  talk?	
  



HIRS/AVHRR	
  mechanical	
  problems/noise	
  
Some  useful  coincidences  between  polar  orbiters


AVHRR and HIRS instrument timelines
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FIG. 1. Timeline of NOAA polar orbiting satellite instrument status. For each satellite, the instrument status

for HIRS (upper) and AVHRR (lower) is denoted by color, as shown in the legend. Reasons for changes in status

are noted, where known. “Not operational” denotes data not being used operationally, and does not necessarily

imply that no data are available. One notable example of this is the HIRS/4 instrument aboard NOAA-18,

which is still producing data, albeit with substantial noise. “*” denotes that AVHRR aboard NOAA-17 is still

operational after January 2009, but we avoid data from this time period.
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FIG. 2. (a) Daytime (either ascending or descending) equatorial crossing times (ECTs) for the polar orbiting

satellites examined in this study (black and red curves). Dashed lines represent platforms bearing the ⇠20 km

HIRS/3 instrument, while solid and dotted lines represent platforms bearing the ⇠10 km HIRS/4 instrument.

Red and blue solid annotations illustrate comparisons depicted in later sections, as labeled. The ECT overlap

between NOAA-17 and MetOp-A during 2009 is also circled in dotted red. (b) The multivariate ENSO index (in

standard deviations) taken from NOAA Earth System Research Laboratory during the same time period, with

blue shading denoting La Niña conditions, and red shading denoting El Niño conditions.
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State	
  of	
  the	
  art	
  cloud	
  amount	
  trends	
  
Scan  angle,  solar  zenith,  and  ECT  ar@facts


Norris	
  and	
  Evan,	
  2015,	
  J.	
  Atmos.	
  Ocean	
  Tech.	
  

Figure 2 shows local linear trends in total cloud frac-
tion for ISCCP, PATMOS-x, and Aqua MODIS, cal-
culated over the entire record available for each dataset.
The spatial pattern of trends in ISCCP cloud fraction is
clearly artificial. Locations most frequently viewed by
geostationary satellites exhibit decreasing trends and
locations most frequently viewed by polar-orbiting sat-
ellites exhibit increasing trends. The largest reductions
in cloud fraction occur at locations viewed at high sat-
ellite zenith angle by three geostationary satellites over
the United States, Europe, and Japan. Note that we do
not expect the MODIS trend pattern to resemble the
ISCCP and PATMOS-x trend patterns because the
MODIS time period is shorter and over a different in-
terval than the ISCCP and PATMOS-x time periods.

b. Removal of satellite zenith angle artifact

Satellite retrievals generally report more cloud frac-
tion when the satellite zenith angle is large (Minnis
1989). There are several reasons for this, but one prime

factor is that the pathlength through a cloud layer as
viewed from the satellite increases with zenith angle.
Specifically, the pathlength is inversely proportional to
msat, the cosine of the satellite zenith angle. At larger
values of 1/msat, optically thin and warm clouds are more
easily detected than at nadir, and consequently the re-
trieved cloud fraction increases. Polar-orbiting satellites
successively view any particular location on Earth from
a variety of zenith angles, but the satellite zenith angle
distribution does not vary with location or from month
to month and therefore does not produce a systematic
artifact in the PATMOS-x or MODIS datasets. The
geostationary satellites contributing to ISCCP, however,
consistently view different locations with different sat-
ellite zenith angles, thus producing systematic spatial
biases in certain regions, such as the Indian Ocean sec-
tor. Of greater relevance to the present study is that
the number and locations of geostationary satellites
changed over the ISCCP record, thus altering the sat-
ellite zenith angle at many locations. There were three
geostationary satellites around Earth in the first part of
the ISCCP record and now there are five (see Fig. 2
of Knapp 2008). As more geostationary satellites
were added, many locations experienced a systematic
decrease in 1/msat and an apparent decrease in cloud
fraction (Evan et al. 2007). This is the primary cause of
decreasing cloud fraction trends near 308–608E, 758–908E,
1808–2108E, and 3008–3308E seen in Fig. 2a.

Figure 3a displays the correlation between time series of
ISCCP daytime-only total cloud fraction anomalies and
msat anomalies at each grid box. Since anomalies inmsat and
anomalies in 1/msat exhibit a correlation of 20.95, we use
the former for convenience. Our analysis employs 3-hourly
rather than monthly data to capture every possible change
occurring in the observing system, but monthly data would
produce effectively the same results. Relatively small
cloud–msat correlation values occur because day-to-day
cloud variability is large; at longer time scales, changes in
msat explain a much larger fraction of cloud variability. As
expected, the correlation between cloud anomalies and
msat anomalies is negative nearly everywhere. Correlation
values are largest at locations where the satellite zenith
angle is high when only three geostationary satellites view
the earth and lower when an additional satellite is avail-
able over the United States and over India.

The procedure described in section 2d provides the
means of removing spurious variability in cloud fraction
associated with changes in satellite zenith angle. We ac-
cordingly compute the least squares best-fit line between
cloud anomalies and msat anomalies. The original cloud
anomalies, the msat anomalies, and the slope of the best-fit
line correspond to the parameters C0, a01, and ›C/›a1 from
Eq. (4), respectively. The residuals from the best-fit line

FIG. 2. Local linear trend in daytime-only total cloud fraction
monthly anomalies for (a) ISCCP, (b) PATMOS-x, and (c) Aqua
MODIS. ISCCP and PATMOS-x trends are calculated from July
1983 to December 2009, and MODIS trends are calculated from
July 2002 to September 2014.
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southern midlatitude time series is 0.36 for PATMOS-x
but only 0.11 for MODIS. Figure 5c displays time series
of Aqua MODIS cloud fraction anomalies averaged
over northern middle latitudes, southern middle lati-
tudes, and tropical latitudes across all longitudes. Unlike
ISCCP and PATMOS-x, MODIS anomalies do not ex-
hibit consistent behavior across all three latitude zones.
In the context of spurious variability that is spatially
correlated, this is likely because the Aqua MODIS-
observing system consists of a single instrument that is
much better calibrated and has never been replaced.

Although some factors contributing to large-scale
spatially coherent artifacts have been identified, many
are currently unknown. Moreover, even if a contributing
factor is known, it is not necessarily easy to quantify
from first principles its impact on retrieved cloud frac-
tion. For this reason, we make the simplifying assump-
tion that artifacts cause the same relative change in total
cloud fraction at every location viewed by the satellite.
We obtain the presumed artifact anomaly by stan-
dardizing anomalies in each grid box separately for
each calendar month and then spatially averaging with
weighting by grid box area over all grid boxes viewed by
a satellite. For PATMOS-x, the spatial average is cal-
culated over 608S–608N, since the contributing polar-
orbiting satellites viewed the entire globe. For ISCCP,
multiple separate spatial averages are calculated over
each set of grid boxes to which a particular geostationary
or polar-orbiting satellite contributed. Because retrieval
methods differ somewhat over ocean, land, and snow/
ice-covered surfaces, we calculate separate spatial av-
erages for ocean grid boxes (,50% land), land grid
boxes (.50% land), Northern Hemisphere ice/snow
grid boxes (.50% ice/snow irrespective of land/ocean),
and Southern Hemisphere ice/snow grid boxes. We use
two ice/snow categories due to greatly different solar
zenith angles in the two hemispheres.

Although some real variability is likely present, we
have no means to distinguish it from spurious variability
and consequently deem the spatial average standardized
anomaly as entirely artificial. The spatial average
anomaly is then assigned to each contributing grid box.
This builds up an artifact time series for each grid box
corresponding to parameter a03 from Eq. (4), where each
value is the land, ocean, or ice spatial average anomaly
for the satellite that viewed the grid box at that time
point. For each grid box, we compute the least squares
best-fit line between cloud anomalies and artifact anom-
alies, with the slope of the best-fit line corresponding to
parameter ›C/›a3 from Eq. (4). The residuals from the
best-fit line become our fully corrected cloud anomalies
with minimal spurious variability associated with spatially
coherent artifacts. A simple way to view this correction is

that we subtract the ocean-mean cloud anomaly from the
cloud anomaly in each ocean grid box for each month,
subtract the land-mean cloud anomaly from the cloud
anomaly in each land grid box for each month, etc. Since
the input cloud anomalies have already had variability
associated with the msat and msol anomalies (a01 and a02)
removed and we consider no further artifacts, the re-
siduals from the best-fit line correspond to parameter C*
in Eq. (4). We apply this method to monthly anomalies
for PATMOS-x and 3-hourly anomalies for ISCCP, at
each UTC hour.

Figure 6a,b display for ISCCP and PATMOS-x, re-
spectively, local linear trends in total cloud fraction after
removing variability associated with satellite zenith an-
gle changes, solar zenith angle changes, and large-scale
spatially coherent cloud changes. Unlike Fig. 2, the
trend patterns appear mostly natural. Between 1983 and
2009, the corrected versions of ISCCP and PATMOS-x
both report decreasing cloud fraction over most of the
North Atlantic, the Mediterranean region, a large part
of the western North Pacific, the ocean around most of

FIG. 6. As in Fig. 2, except for after removal of cloud variability
associated with satellite zenith angle changes (ISCCP), solar zenith
angle changes (PATMOS-x and ISCCP), and large-scale spatially
coherent cloud changes (ISCCP, PATMOS-x, and Aqua MODIS).

APRIL 2015 N O R R I S A N D E V A N 699



CMIP5	
  models	
  show	
  poor	
  agreement	
  in	
  LW	
  
Amount,  al@tude,  op@cal  depth  have  dis@nct  feedbacks


Zelinka	
  and	
  Hartmann,	
  2012,	
  J.	
  Climate	
  

individual estimates span a range of 0.43 from 20.12 to
0.31 W m22 K21. The net cloud feedback arising from
residuals in the change in cloud fraction decomposition
spans a range of 0.44 from 20.37 to 0.07 W m22 K21

and is generally of comparable size to the global mean
net optical depth feedback. For every component except
altitude, the intermodel spread in net cloud feedback is
systematically smaller than for the LW and SW feed-
backs, indicating significant anticorrelation across
models between LW and SW feedbacks. It is noteworthy
that the intermodel spread in the net cloud feedback is
smallest for the amount component even though SW
amount feedback estimates exhibit the greatest spread
of all feedback components. This again argues for cau-
tion in interpreting results about the sources of inter-
model spread in cloud feedback that only consider the
effect of clouds on net radiation.

In most cases, regression coefficients of global mean
cloud feedback components on global mean cloud feed-
back are statistically indistinguishable from zero due to
the small sample size of only 11 models. This indicates
that intermodel spread is liberally distributed between
component changes and LW and SW bands, with no
single component playing a dominant role. Two excep-
tions are the large positive regression coefficients be-
tween global mean SW cloud feedback and its amount
component (0.58 60.34) and between global mean
LW cloud feedback and its altitude component (0.57
60.25). We also performed a regression of the global
mean feedbacks on their values from each grid point,

highlighting the local contribution of each process to
the spread in global mean cloud feedbacks, but at most
locations, the regression slopes are statistically indis-
tinguishable from zero.

6. Conclusions

We have shown a decomposition of the change in
cloud fraction histogram that separates cloud changes
into components due to the proportionate change in

FIG. 9. The (a) LW, (b) SW, and (c) net global and annual mean (black) total, (blue) amount, (green)
altitude, (red) optical depth, and (cyan) residual cloud feedbacks estimated for each model.

FIG. 10. Global and annual mean (red) LW, (black) net, and (blue)
SW cloud feedback estimates and the contribution to the cloud
feedbacks from the proportionate change in cloud fraction, change in
cloud vertical distribution, change in cloud optical depth distribution,
and residual term. Each model is represented by a dot, and the
multimodel mean is represented by the height of the vertical bar.
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•  Cloud-­‐type	
  delinea1on	
  of	
  narrowband	
  spectral	
  Tb	
  	
  
-­‐  Simultaneous  observa@ons  of  channels  in  CO2-­‐slicing  bands,  8–12  μm  

window  bands,  6.3  μm  H2O  band  (and  elsewhere)


•  Build	
  up	
  cloud-­‐type	
  composites	
  of	
  Tb	
  spectra	
  
-­‐  Regional  gridding  by  cloud  type

-­‐  Sta@s@cal  moments  (mean,  variance,  skewness,  etc.)	
  

•  Difference	
  moments	
  between	
  satellite	
  intersects	
  
-­‐  Are  means/variances  larger  than  calibra@on  uncertain@es?


-­‐  Show  variable  cloud  type  behavior  –  mo@va@on  to  move  beyond  
simplified  cloud  amount  trend  analyses


•  Possible	
  key	
  role	
  of	
  monitoring	
  variance	
  of	
  Tb	
  
-­‐  Variance  characterizes  cloud-­‐type  spa@al/temporal  variability


What	
  HIRS/AVHRR	
  bring	
  to	
  the	
  table	
  



Responding to the global warming, the cloud numbers
in all radius categories increased, including those greater
than 400 km in radius in R7 (Fig. 3b). Such a response to
the warmed atmosphere is more pronounced for the
larger clouds in R7 than for those in R14. As will be
investigated in more detail later, these increased cloud
numbers result in an increased high-cloud cover and its
associated CRF (Figs. 1 and 2).

Another interesting question is the extent to which
changes to the probability density functions (PDFs) of
the clouds occur in response to the global warming.
Figure 4 shows size distributions similar to Fig. 3, but
compares their PDFs. The global infrared data show
that the size distribution of high clouds follows a trend
line of r22.5 until r ’ 200 km, but that this power-law
relationship then breaks down beyond r ’ 500 km. In-
terestingly, the simulated results in the 20–200-km range
show a slope that is similar to that from the satellite
observations (i.e., best fit of slope, a 5 22.5), although
the result of R14 (a 5 22.4) is closer to that of the global
IR data than that of R7 (a 5 22.9) in this radius range.
This encouraging result is reasonable because effective
resolutions are generally several times larger than the
mesh size (Skamarock 2004).

In response to the global warming (Fig. 5), the relative
frequency of clouds in the 0–20-km size range decreases,
but it increases for clouds in the 20–40-km range. The
occurrence frequency of clouds larger than 40 km de-
creased (except for R14 that showed a small increase in

the 40–60-km size class). Note that numbers of almost all
categories of cloud size increase as shown by Fig. 3, so
that Fig. 5 implies that the relative increase is larger for
clouds smaller than 40 km than for the larger clouds. The
increase in the numbers of small clouds reflects the re-
duced organization of moderately strong deep convec-
tive systems in a warmer atmosphere (Noda et al. 2014b,
manuscript submitted to J. Meteor. Soc. Japan). Later,
and to avoid unnecessary repetition, we will focus
mainly on the results from R7, because the results from
R14 are very similar to those of R7.

FIG. 4. PDFs of high-cloud numbers as a function of radius derived from the global infrared
data and also from the R7 and R14 runs of the CTL and GW simulations. Cloud size (radius) is
binned every 20 km, and the sum of all values is unity. Data plotted are thinned in geometric
progression for readability. Slopes, ra, for a 5 22.5, 22.4, and 22.9 are regression curbs for the
results of Global IR, R14, and R7, respectively, between 20- and 200-km radii.

FIG. 5. Difference between PDFs of high-cloud numbers be-
tween GW and CTL for R7 and R14 (shown in Fig. 4). The sum of
values in all size categories is zero for both R7 and R14.
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High	
  ice	
  cloud	
  frequency	
  versus	
  size	
  
NICAM  7-­‐km  &  14-­‐km  runs  (present-­‐day  &  end  21st  century)




Op1mal	
  way	
  to	
  match	
  HIRS	
  and	
  AVHRR	
  
Conical  point  spread  func@on  “wins”
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The	
  full	
  Tb	
  spectrum	
  by	
  cloud	
  type	
  
Realis@c  sor@ng  of  cold  high  clouds  and  warm  low  clouds


Thin  cirrus  and  overlapping  in  between
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  et	
  al.,	
  2016,	
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type are listed below each panel. Other cloud types are omitted for clarity, although their statistics are close to

those for all.

837

838

839

840

46



The	
  full	
  Tb	
  spectrum	
  by	
  cloud	
  type	
  
Realis@c  sor@ng  of  cold  high  clouds  and  warm  low  clouds


Thin  cirrus  and  overlapping  in  between
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HIRS	
  12.5μm	
  Tb	
  for	
  two	
  sets	
  of	
  cloud	
  types	
  
Somewhat  more  dis@nct  cloud  types  with  CLAVR-­‐x
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Where	
  are	
  the	
  clouds	
  spa1ally	
  distributed?	
  
Focus  on  NE  Pacific,  clouds  appear  in  right  places  and  in  right  

propor@ons
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FIG. 8. NOAA-18 cloud type frequency during SOND 2009 over the northeast Pacific Ocean. Scales for each

panel range from 0 (white) to the number shown at the top of each panel (black). Aside from all clouds, counts

by cloud type are divided by source, with CLAVR-x cloud types grouped in the left two columns, and ISCCP

cloud types on the right two columns. Other cloud types are not shown, as they very closely resemble the all

cloud type, with about half the total count. The color scale is Dave Green’s “cubehelix” (Green 2011).
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FIG. 10. HIRS/4 (a) mean Tb and (b) sTb statistics over the northeast Pacific by cloud type and channel

during SOND 2009 for N18. Cells are shaded according to the value printed in the cell.
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FIG. 10. HIRS/4 (a) mean Tb and (b) sTb statistics over the northeast Pacific by cloud type and channel

during SOND 2009 for N18. Cells are shaded according to the value printed in the cell.
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FIG. 13. As with Figure 11 but for 2009 minus 2008 statistics for M2 during SOND. Warm colors denote
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FIG. 13. As with Figure 11 but for 2009 minus 2008 statistics for M2 during SOND. Warm colors denote

(a) warmer 2009 Tb and (b) higher 2009 sTb. Negative values are italicized. Cells are shaded according to the

value printed in the cell.
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2008 to 2009 for all clouds (a, d), low clouds (b, e), and high clouds (c, f) during SOND. Colored contours

(positive in red, zero in gray, and negative in blue) show changes in SSTs (a, d), lower-tropospheric stability

(b, e), and pressure velocity (c, f) from 2008 to 2009. LTS calculated as in Klein and Hartmann (1993) as the
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FIG. 14. M2 cloudy footprint percentage changes (shading, top row) and DTb (shading, bottom row) from

2008 to 2009 for all clouds (a, d), low clouds (b, e), and high clouds (c, f) during SOND. Colored contours

(positive in red, zero in gray, and negative in blue) show changes in SSTs (a, d), lower-tropospheric stability

(b, e), and pressure velocity (c, f) from 2008 to 2009. LTS calculated as in Klein and Hartmann (1993) as the
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•  “Straighjorward”	
  combina1on	
  of	
  HIRS	
  and	
  AVHRR	
  
-­‐  Rela@ve  sor@ng  of  Tb  spectra  consistent  with  cloud  types

-­‐  Spa@al  distribu@ons  consistent  with  known  climatology


•  Further	
  insights	
  into	
  data	
  record	
  with	
  non-­‐SNO	
  coincidences	
  
-­‐  Explored  HIRS  sensor  spa@al  resolu@on,  same  instrument  

configura@ons,  diurnal  variability,  ENSO  varia@ons


-­‐  Close  correspondence  of  cloud-­‐type  cloud  amount/Tb  to  model  
reanalysis  of  ver@cal  velocity  and  SST	
  

•  Inter-­‐satellite	
  differences	
  of	
  standard	
  devia1ons	
  of	
  Tb	
  at	
  1mes	
  
larger	
  than	
  mean	
  
-­‐  Cloud-­‐type,  process-­‐based  changes  in  Tb  spectrum  beyond  simple  

mean  differences	
  

•  Works	
  backwards	
  to	
  establish	
  useful	
  observa1onal	
  benchmark	
  

What	
  have	
  we	
  learned?	
  



Backup	
  Slides	
  



Polar	
  orbi1ng	
  satellite	
  drim	
  
The  HIRS/AVHRR  record  we  show  is  not  corrected  for  drih




Diurnal	
  variability	
  –	
  standard	
  devia1on	
  of	
  Tb	
  
Big  changes  in  water  vapor?  Overlapping  clouds?  SRF  differences?
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March 1–May 31 (MAM) 2014. Warm colors denote higher M1 sTb. Negative values are italicized. Cells are

shaded according to the value printed in the cell.
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FIG. 11. As with Figure 10 but for N19 minus N18 (a) DTb and (b) DsTb statistics. Warm colors in the

right-hand column denote (a) warmer N19 Tb and (b) higher N19 sTb. Negative values are italicized. Cells are

shaded according to the value printed in the cell.
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FIG. 11. As with Figure 10 but for N19 minus N18 (a) DTb and (b) DsTb statistics. Warm colors in the

right-hand column denote (a) warmer N19 Tb and (b) higher N19 sTb. Negative values are italicized. Cells are

shaded according to the value printed in the cell.
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