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1 Basic Algorithm

The total water vapour algorithm relies on a satellite radiometer (SSM/T2, AMSU-B) measurement
of the brightness temperature at three different frequencies v;, v;, Vi at which the ground emissivity
€ is similar but the water vapour absorption is different, k; < k; < K; (k; is the water vapour mass
absorption coefficient at frequency Vv;).
The basic idea [Miao et al., 2001]] is to use three channels where the surface emissivity is similar
but the water vapour absorption is different, such as the three AMSU-B channels centred around the
183.3 GHz water vapour line.
Starting from the radiative transfer equation for a not too opaque atmosphere in the approximation
of |(Guissard and Sobieski| [[1994], the following equation for the total water vapour W can be derived
[Miao et al., 2001]]:
TL-T,—F

WsecO = Cy+Clog {m] (D)
where 0 is the viewing angle, 7; is the brightness temperature measured by AMSU-B at channel no.
i, while the three channels i, j, and k are sorted in such a way that for the corresponding water vapour
absorption coefficients, k;, K;j, K;, we have k; < K; < K. The four parameters Co, Cy, Fy, Fy, which
we shall call “calibration parameters”, have to be determined empirically. To do this, radiosonde data
(Arctic, 1997 till 2001, about 27000 profiles), were taken as input for simulating AMSU-B brightness
temperatures with the radiative transfer model ARTS [The Atmospheric Radiative Transfer Simulator,
see Buehler et al., 2003]), using a range of different surface emissivities between 0.6 and 0.96. In
addition, from the humidity data of each radiosonde profile, the total water vapour was calculated
directly. Several linear regressions then yield the four calibration parameters Cy, Ci, Fy, F, [details:
Miao, |1998].
Using the three channels near the water vapour line (AMSU-B channels 20, 19, and 18, i.e., (i, j,k) =
(20,19, 18)), the method works up to total water vapour contents of about 1.5 kg/m?. If we replace
the most water-vapour sensitive channel 18 by the window channel 17 at 150 GHz, i.e., (i, j,k) =
(17,20,19), the method works up to total water vapour contents of about 6 kg/m?. Such water vapour
values are typical for the Arctic ocean, Siberia and Northern Canada in winter, and for Greenland
almost year-round. So, if we have determined those four calibration parameters, the TWV can be
calculated from AMSU-B brightness temperatures without any further input.
In order to extend the retrieved water vapour range to higher values, the channel 19 is replaced by the
window channel 16 at 89GHz, i.e., (i, j, k) = (16,17,20). Since the emissivity of sea ice and ocean
at 89GHz is significantly different from the emissivity at 150 and 183 GHz, the emissivity does not
cancel out any more, and instead of (I)), we get the “extended algorithm”

W sec§ = Cy +C log (r—z {m+cl—c) )
ry TJ - Tk - Fx
Here, rj = 1 —€g9 and r, = 1 — €57 are the surface reflectivities, C depends on the water vapour
absorption coefficients but can safely be approximated by 1 for TWV above 6 kg/m?, and the other
variables have the same meaning as in () above. This means that now, some information about the
emissivity of sea ice at 89 and 150 GHz is needed. We have extracted this information from emissivity
measurements over sea ice and open water during the SEPOR/POLEX (Surface Emissivities in Polar
Regions-Polar Experiment; Selbach [2003]]) campaign: Analysis of these data shows a moderately
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high correlation of the emissivities €g9 and €57 of sea ice at 89 and 150 GHz, respectively. A linear
regression yields

€50 = 0.1809 +0.8192¢; 57 3)

where we have imposed the additional constraint that €g9(€;57 = 1) = 1. Based on these data, the
reflectivity ratio r,/r) over sea ice can be approximated by a constant value of 1.22. This means
that for the extended algorithm, we need, in addition to the four calibration constants, information
on the sea ice cover. The algorithm is then applied over sea ice. Since the emissivity of open water
is rather well known [English and Hewison, [1998], it is in principle possible to adapt the extended
algorithm to the use over open water. However, we have not done this here since there are other
remote sensing methods to retrieve TWV over open water, e.g., from other passive microwave sen-
sors like SSM/I. Using this extended algorithm, the upper limit of the TWV that can be retrieved is
about 12 kg/m?. Thus, combining all three ”sub-algorithms” mentioned so far (using channel triples
20,19,18; 17,20,19; 16,17,20), TWYV values from O to at least 15 kg/m2 can be retrieved from AMSU-
B data, using three sets of the four calibration parameters. Each sub-algorithm is used as long as both
the numerator and the denominator in (1] are negative.

2 Validation

The weighting functions of the AMSU-B channels as a function of total water vapour (TWV) in
Figure (1| show roughly at which TWYV values a channel is sensitive to water vapour. For example, the
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Figure 1: Weighting functions of AMSU-B channels as a function of total water vapour (“water
vapour burden”) over land, from Janssen| [ 1993]]

channel at 183.341 GHz (channel 18) is sensitive for TWV up to about 2 kg/m?. For higher TWYV, the
weighting function rapidly approaches zero, in which case the channel is said to be saturated — thus,
if there is so much water vapour that a channel is saturated, the radiation that the sensor measures
does not come from the whole atmosphere any more, but only from an upper portion (the channel
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TWYV from AMSU vs. TWV from ECMWF (Feb 2002 r2)
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Figure 2: AMSU-B-derived TWV versus ECMWF (ERA-40) TWV. February 2002, North of Green-
land (83-90°N, 0-90°W); solid line = identity.

“does not see the surface any more”). Channel 19 (183.3+3 GHz) saturates at around 8 kg/m2 TWV
(which roughly corresponds to the upper limit of the standard algorithm), channel 20 (183.3£7 GHz)
saturates at around 20 kg/m?> TWV - so we can expect the extended algorithm to retrieve water vapour
roughly up to that value.

2.1 Direct comparison of collocated data

For validation purposes, the TWV data retrieved from AMSU-B data were compared to collocated
ECMWEF (European Centre for Medium-Range Weather Forecasts) reanalysis (ERA-40) data. For a
typical winter month, February 2002, the result is shown in Figure [2| The correlation is 0.91, and the
bias, i.e., the mean difference AMSU-derived minus ECMWEFE-reanalysis TWYV, is about 0.31 kg/mz.
As seen in the plot, most TWV values are below 7 kg/m?, so the standard algorithm has been used
which is independent of surface emissivity.

The same comparison, but for a late summer month, August 2002, with minimum sea ice cover, is
shown in Figure Here, all values above 7 kg/m? have been retrieved using the extended algo-
rithm. The correlation is only moderate, and the mean difference is much higher, about 2.7 kg/m?.
The reason is, of course, that the constant reflectivity ratio based on the regression analysis of SE-
POR/POLEX data is only an approximation.

Comparison with TWV data derived from radiosonde measurements during Polarstern cruises is dif-
ficult since there is very little concurrent data, except for the cruise ARK XIX-1 (March-April 2003).
The result of this comparison is shown in Figure 4. Here, the bias is positive as well, 1.3 kg/mz, i.e.,
the AMSU-derived TWYV values are higher than the ones derived from the radiosonde measurements.
At least part of this positive bias can be explained by the fact that the radiosonde type used on Po-
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TWYV from AMSU vs. TWV from ECMWF (Aug 2002 r2)
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Figure 3: AMSU-B-derived TWV versus ECMWF (ERA-40) TWV. August 2002, North of Green-
land (83-90°N, 0-90°W); solid line = identity.

TWYV from AMSU vs. TWV from Polarstern (XIX1-MarApr2003)
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Figure 4: AMSU-B-derived TWV versus Polarstern radiosonde TW'V, March-April 2003 (cruise ARK
XIX-1); solid line = identity.
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larstern is Vaisala RS80. This radiosonde type is known to have a dry bias in cold conditions [Elliot
and Gatffen, 1991], i.e., it then underestimates humidity.

2.2 Comparison of maps, time evolution

If the retrieved TWYV data are plotted as daily average maps (0.5° gridding in latitude and longitude)
they can be compared to maps of TWV from NCEP (National Centers for Environmental Prediction).
A series of such daily maps, covering about 3 weeks in March 2002, is shown in the appendix. They
show rather good qualitative and quantitative agreement. Particularly interesting is the propagation
of humid air masses (TWV above 7 kg/m?) through the Bering Strait into the central Arctic (upper
centre of the maps). This could formerly (i.e., not using the extended algorithm) not be retrieved.
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8 A TWYV MAPS, AMSU-B VS. NCEP

A Total water vapour maps of the arctic and subarctic regions,
from AMSU-B data and from NCEP reanalysis data.

The maps on the left have been derived from AMSU-B data with the extended algorithm described
above, the ones on the right are maps from NCEP reanalysis data. Grey areas in the maps on the left
denote areas where TWV could not be retrieved, mainly because it was too high. Note that the upper
TWYV limit for retrieval with the extended algorithm is about 7 kg/m? over water and land, and about
15 kg/m? over sea ice.
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5 March, 2002. Left: from AMSU-B, right: NCEP.
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8 March, 2002. Left: from AMSU-B, right: NCEP.
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A TWYV MAPS, AMSU-B VS. NCEP

. 190" 180" 17p: .70 180" 17¢°
2 160 . 460 U 150-
o K>

oML

kg/m2
PR T 12
'\\‘\ 1I ',,;‘t; A NN 11

SoNWPENON®RE

9 March, 2002. Left: from AMSU-B, right: NCEP.
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11 March, 2002. Left: from AMSU-B, right: NCEP.
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14 March, 2002. Left: from AMSU-B, right: NCEP.
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A TWYV MAPS, AMSU-B VS. NCEP
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17 March, 2002. Left: from AMSU-B, right: NCEP.
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20 March, 2002. Left: from AMSU-B, right: NCEP.
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A TWYV MAPS, AMSU-B VS. NCEP
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23 March, 2002. Left: from AMSU-B, right: NCEP.



002 269

082

B
"

AR

7 7 s . kg/m2
’ g 12
i, i
9
8
7
6
5
4
3
2
1
4]
; A70°
. _\60 ,1
. ,'@Q -‘
© |
"
kg/m?2
12
11
10
9
8 .
7
6
5
4
3
2
1
1]

kg/m?2
12
11
10
. —"i‘lj i\
P
> N

li’é‘l

26 March, 2002. Left: from AMSU-B, right: NCEP.
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A TWYV MAPS, AMSU-B VS. NCEP
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29 March, 2002. Left: from AMSU-B, right: NCEP.



30 March, 2002. Left: from AMSU-B, right: NCEP.

31 March, 2002. Left: from AMSU-B, right: NCEP.
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