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1.  Introduction
Clouds play an important role in modulating the Arctic climate system 
through cloud influence on the radiation budget and hydrological cycle.
The liquid cloud phase is of particular interest radiatively because of its
ubiquity, dominance of the column cloud optical depth when present, and
importance to the surface radiation budget.  The recent decline in sea-ice
and increase in surface temperature have fostered expectations that cloud
liquid water should be increasing through evaporation off of the newly-
opened water (e.g., Lin et al., 2003; Wang and Key 2005; Francis et al. 2005).
The Beaufort and Chukchi Seas north of the Bering Strait are the primary
sites for recent decreases in fall Arctic sea-ice extent, while much of the
winter sea ice losses have occurred in the north Atlantic Barents Sea.

Liquid water path variability is also of interest in the North Atlantic on a
seasoaal time scale.  The North Atlantic is the cloudiest region of the Arctic
with much of the moist static energy flux into the Arctic occurring here.
Cloudiness variability is more likely to occur in the moisture content
than in the cloud coverage; questions remain about the relationship of
the seasonal cycle in water vapor flux to cloudiness changes (e.g., Beesley
et al., 2000; Cullather et al., 2000).

Most cloud observational studies have relied on visible and/or infrared
sensors. While such studies are highly informative, the difficulties of remote
sensing in the Arctic argues for further integration of varied and unique 
assessments. Data from satellite-based microwave instruments, available
since 1987, appear under-utilized for Arctic atmospheric studies. Certainly
atmospheric microwave retrievals are challenged by the presence of higly
emissive snow and ice surfaces. The portions of the Arctic that remain ice-free,
however, benefit greatly from the microwave indifference to lack of visible
light and viewing conditions (as long as the satelite-viewing geometry is
well-known).

The goals of this work are to construct and assess a large-scale spatial
climatology and the trends in Arctic water vapor and cloud liquid water
path as determined primarily by satellite microwave data. The integration
of such data into Arctic science is thought to be new and this study is
primarily exploratory.

 

2. Datasets

 

 * Monthly-mean retrievals based on the SSM/I and EOS AMSR-E data.
* SSM/Is and AMSR-E all on polar-orbiting satellites
* SSM/I data available since July, 987; AMSR-E since June, 2002.
* Two retrieval sets:
Version 6 of Wentz retrievals, provided by Remote Sensing Systems.
Water vapor path (WVP) and liquid water path (LWP) retrievals at 0.25
degree spatial resolution.. Sea ice is screened orbitally but not reported.
Ferraro et al. (1996):  WVP, LWP, a liquid cloud fraction (CFR) based on
freq. of occurrence of LWP>20 g/m2, and an explicit sea ice fraction
* Inter-SSMI-instrument LWP offsets apparent in Ferraro dataset but
not in Wentz V6 dataset.

Sea ice contamination of WVP/LWP retrievals

3. Climatology
The seasonal-mean climatology (Fig. 2) shows little seasonal
variation in cloud fraction with an annual mean of approximately
70%.  In contrast to cloud fraction, a strong annual cycle is evident
in WVP and LWP.. A July maximum in WVP is approximately double
the winter minimum at all latittudes and is indicative of a continental
influence. 

4. 1987-2006 Trends 

 

5. Beaufort/Chukchi Sea

 

Fig. 1: a) Wentz LWP, b) Ferraro LWP, and c) Ferraro Cloud Fraction as a function 
of Ferraro sea ice percentages for Dec.-Feb. (diamonds), March-May (crosses),
June-Aug (filled circles), and Sept. - Nov. (small plus signs). Panel d) shows
accumulated percentages of estimates for the Wentz retrievals (top) and
Ferraro retrievals (bottom). Note variations in x-axis and y-axis scales.

* WVP retrievals not sensitive to underlying sea ice percentage (not shown)
* Wentz LWP retrievals less sensitive to underlying sea ice than Ferraro LWPs;
most sensitive during summertime.
=> All Wentz data was used irrespective of underlying sea ice.
=> Only Ferraro CFR retrievals coincident w./ zero ice are used.

WVP

LWP

 Trends are derived from linear fits to monthly-mean data. The WVP trend
is mostly positive for those regions closest to the Arctic with the exception
of the summertime area north of the Bering Strait.

The LWP trends show a decrease south of Greenland in the springtime and
summertime. The only significant LWP increases may be occurring in the winter
time Labrador Sea and northwestern Pacific, and during the fall north of the
Bering Strait. These are also all regions with sea ice diminishing during the seasons
LWP is observed to be increasing.
  

Wintertime LWP increases are apparent around much of the Arctic perimeter.
Although we have less confidence in the Ferraro retrievals, it is reassuring that
changes in the Ferraro cloud fraction are consistent with the other changes
depicted.

 

 

 

 

 

A timeseries on the summertime and falltime WVP, LWP, and sea ice coverage
fraction for the region north-northeast of the Bering Strait is shown in Fig. 9. 
Recent changes in WVP and LWP retrieved by AMSR-E and SSMI track each
other well. Based on Fig. 1, we place more faith on the retrieval performance
during fall than during summer. Consistent with Figs. 6-8, we see more
falltime moisture in recent years than druing the early part of the time record.
A striking feature is the consistent increase in falltime LWP occurring between
1989 to 1999.  This has not been noted before to our knowledge. It is not
consistently correlated with the sea ice coverage. It also does not appear to
be correlated to the North Atlantic Oscillation Index, which was mostly
positive up to 1995, or the Pacific Decadal Oscillation Index, to which this
region is insensitive.

We also examined surface-based microwave  LWP data from Barrow, Alaska, (Fig. 10). 
Relatively consistent microwave absorption models have been applied since 
April, 2002. Although Fig. 10 could be consistent with regional LWP increases, 
more data examination and updated retrieval methods should be applied to the 
entire time record to firm up this assessment.
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=> Only Ferraro CFR retrievals were

Fig.  2: 1987-2006 sesonal-mean Ferraro CLoud Fractions screened for 0%
sea ice coverage (top panels); same for Ferraro LWPs (top middle panels);
Wentz LWPs,  internal sea ice screening only (bottom middle panels); 
Wentz WVPs (bottom panels).
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LWP amplitude chages are less pronounced than those for WVPs and the
phasing in relation to the WVP changes appears to vary with location. The
annual cycles in LWP and WVP are shown for 4 latitude bands, averaged
over longifude, for the Northeast Atlantic, Northwest Atlantic, and Pacific
in Figs. 3-5..
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A slight asymmetry in the WVP annual
cycle (i.e. the autumnal decrease is gentler
than the springtime increase) is more
pronounced in the LWP annual cycle.

The LWP minimum occurs between Feb.
and April at all 3 locations and is relatively
invariant.

Northeast Atlantic late-fall LWP maximum
is consistent with significant year-round 
cyclone activity. Northwest Atlantic LWP
values do not exceed May/June values

Northeast Atlantic                                                            Northwest Atlantic

LWP

WVP

North Pacific

WVP

LWP

despite increasing WVP. North of the Bering Strait LWP values increase
beyond July and into August,. 

(2002 to 2006) mean - (1987 to 2006) mean

Conclusions
SSM/I LWP and WVP retrievals appear useful over northern high latitudes with
low sea ice fractions.  The WVP annual cycle shows an approximate doubling
between the Jan-March minimum values and July maximum and the phasing
is indicative of a strong continental influence. The LWP annual cycle becomes
decorrelated from the WVP annual cycle during the fall in each of three longitude
bands examined. The Beaufort/Chukchi Sea region shows an August LWP
maximum, that, in this subsiding region, may also reflect a higher cloud fraction.
The 1987-2006 time series shows increasing falltime moisture that strikes us as
genuine (and is statistically significant) along with an increase in LWP between
1989 to 1999 that we cannot explain. The increasing falltime LWP could help
delay the falltime ice freezeup in this region through increasing the longwave
warming of the surface (but we still need to do this calculation).

Acknowledgements: This work has been supported by the NASA InterDisciplinay Studies
Program.

                    

20

40

60

80

100

120

140

g 
m

-2

a)

                    

20

40

60

80

100

120

140

g 
m

-2

b)

                    

5

10

15

20

m
m

c)

1987 1989 1991 1993 1995 1997 1999 2001 2003 2005 
year

0
10

20

30

40

50

60
70

%

d)

DJF

-50

0

50

100

g
 m

-2

 2 3 4 5 6 7  
 

MAM

-50

0

50

100

150

 

 2 3 4 5 6 7  
 

JJA

-50

0

50

100

150

200

 

 2 3 4 5 6 7  
 

SON

-50

0

50

100

150

200

 

 2 3 4 5 6 7  
 

Fig. 10: Surface-based microwave LWP data from Barrow, Alaska shown in
whisker-box plots with the median, 25 and 75 percentiles indicated as the box
and the 10 and 90 percentiles as whiskers.

Fig. 9: Time series of seasonal-mean values over 68-72N, 165-180W, for a)
summertime LWP, b) falltime LWP, c) summer (grey) and fall (black) WVP, and
d) summer and fall sea ice coverage.


