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1. INTRODUCTION

The Antarctic ice sheets are potentially a major source of water for the current rise in sea level,

quantified as 1.8 mm yr_l (Douglas 1991). The disintegration or regeneration of the West
Antarctic ice sheet has implications for global sea level and global climate. A major constituent

of the Antarctic ice sheet mass balance is the integrated accumulation rate.

Direct measurement of Antarctic precipitation is difficult. Coastline gauge collection is affected
by the omnipresent winds and is frequently contaminated by blowing surface snow. Precipitation
rates from the Antarctic interior are often below minimum gauge resolution (Bromwich et al.
1995). Glaciological precipitation measurements are accurate (Lorius 1983), but their spatial

resolution is insufficient for integrated precipitation estimates of the entire continent.

-“Despite the significance of Antarctica and the surrounding Southern Ocean, there is a dearth of
in situ measurements. TOVS and SSM/I observations are available twice daily at midlatitudes
from each of two satellites, more so at higher latitudes due to orbital coverage overlap. Given the
lack of traditional in situ measurements, it is logical to employ these remotely sensed data for

determining atmospheric moisture transport across the Southern Ocean.
2. METHODOLOGY
2.1 Moisture flux calculation

Moisture flux calculation requires knowledge of the wind speed and direction in addition to the

distribution of water vapor. The horizontal moisture flux vector is defined as

Psurface

Q0.0 = | V(L0.p.0 qh0.p0) (g dp) 1)
0

484



SLONAKER R.L. AND M.L. VAN WOERT ATMOSPHERIC MOISTURE TRANSPORT . . ..

where Q represents the vertically integrated water vapor flux vector, A is longitude, ¢ is latitude,
t is time, p is the pressure level, V is the horizontal wind vector, q is the specific humidity, and g

is the gravitational acceleration.

The pressure differential in (1) may be changed to a precipitable water differential provided the limits of
integration are changed accordingly. The upper limit becomes Wuace, the surface value for precipitable

water

Wsurface

Q0.0 =] VLo,p.t) AW A0,p.) )
0

By integrating (2) along a boundary and through time, the atmospheric moisture transport can be

determined.

V and dW are known at discrete pressure levels and layers respectively. The vertically integrated
water vapor flux must be determined as a function of winds at these discrete levels and the
differential water vapor for the intervening layers. By approximating the actual function with a

piecewise linear function, the integration is performed via the trapezoidal rule (Kreyszig 1962)

n-1
QA0 =X {0.5 [ViA0.0) + Vir (A 001} dWijA.0.0)  (3)
i=1
where i is the integration step index (atmospheric layer index), and n-1 is the number of
integration steps (number of atmospheric layers). As given in (3), the vertically integrated water

vapor flux vector can be determined from available measurements.
22 Moisture and wind fields

Water vapor and virtual temperature fields were retrieved at NASA-GSFC as a part of the TOVS
Path A product (Susskind and Pfaendtner 1989, Susskind et al. 1997). Due to inherent reduced
informational content of infrared radiances, all observations with cloud fractions beyond 80%
were deemed cloud-contaminated and reported as missing (Susskind et al. 1997). These regions

required interpolation from surrounding areas where good quality data exist.

Over the oceans, changes in microwave surface emissivity as measured by certain SSM/I

channels are correlated with the surface roughness and, hence, wind speed. The SSM/I is capable

1 1

of obtaining ocean surface wind speeds to an accuracy of 2 m's within the range of 3-25 m s
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(Atlas et al. 1996, Hollinger et al. 1987, Goodberlet et al. 1990). Atlas et al. (1993) used
ECMWEF analyses and conventional surface observations in a variational analysis to assign

directions to the SSM/I wind speeds. Slonaker and Van Woert (1999) have noticed an anomaly

-1
in the surface wind speed distribution with very few values above 21 ms for these data.

By combining the hypsometric and geostrophic equations, the thermal wind equation may be
obtained which relates the vertical shear of geostrophic wind with the horizontal temperature
gradient. Throughout middle and high latitudes, the large-scale wind field tends to be quasi-
geostrophic with direction aligned with isobars and speed within roughly 15% of the geostrophic
value (Wallace and Hobbs 1977). Using three-dimensional thermal data from the TOVS sounder,

the thermal wind is computed from the following

Vg, - Vg, = (R¢/M) In (p1/p2) @T,/dn) @)

where f is the Coriolis parameter, Ry represents the dry air gas constant, p1 and py are the

pressures of their respective levels, Vg1 and ng represent the geostrophic wind speeds at

corresponding levels, T, is the mean virtual temperature of the intervening layer, and n is the

horizontal unit vector perpendicular to the thermal wind.

The thermal wind provides a difference in geostrophic wind speed between two levels as a
function of the horizontal gradient of mean virtual temperature of the intervening layer. If the
wind field is known at some reference level in the vertical, then the thermal wind equation can be
used to’ determine geostrophic winds throughout the column. The SSM/I-derived surface wind
field (including both geostrophic and ageostrophic components) was then used in conjunction

with thermal wind data to produce geostrophic wind fields at five upper-levels.

Water vapor and wind fields were thus known in three space dimensions and time from TOVS
and SSM/I observations of the surface and atmospheric column. Horizontal winds were
determined at the surface, 850 hPa, 700 hPa, 500 hPa, 300 hPa, and 100 hPa. Differential water
vapor was known for the intervening layers. This information allowed the vertically integrated

water vapor flux to be determined via (3).
3. VALIDATION

Radiosonde data were used to assess the overall quality of the satellite-derived data products and

the moisture flux methodology. Here we compared radiosonde data from Macquarie Island to the
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closest available satellite solution point. Figure 1 shows time series comparisons of vertically

integrated meridional moisture transport for September 1988.

Table 1 shows comparison statistics generated from the Macquarie Island radiosonde data and
satellite data for the one-year duration of this study in 1988. Table 1 shows the mean and
standard deviation for comparable radiosonde and satellite data of meridional moisture flux
estimates. The correlation coefficient between these two estimates is 0.84. Table 1 also presents
difference statistics between radiosonde and satellite data. The higher standard deviation of the
radiosonde data is expected considering the radiosonde is a point measurement while the satellite

estimate represents conditions over a much larger spatial extent (2° latitude and 2.5° longitude).

Table 1. Statistical comparison of moisture flux estimates from Macquarie Island radiosonde
(54.5°S, 158.9°E) and closest satellite solution (54.0°S, 158.8°E) for a one-year period during
1988. Only half of the available satellite data at this location were used in order to match the
reporting interval of available radiosonde data. Spatial and temporal separations of these two
data sources were approximately 56 km and 2 hours respectively.

Meridional Moisture Flux (kg m_l s-l)

Data Source Mean Standard Deviation
Macquarie Island Radiosonde -41.6 129.8
Closest Satellite Solution -47.9 105.9
Difference (Satellite minus Radiosonde) -6.3 69.7

While encouraging, this comparison must be tempered by the fact that the satellite result and
radiosonde data were not entirely independent. The direction of SSMI-derived surface wind
vectors was determined predominately with ECMWF analyses (Atlas et al. 1996). The ECMWF
analysis, however, incorporated all available radiosonde data. Therefore, the satellite-derived

surface wind vectors depended to some extent on the radiosonde data at Macquarie Island.

Moreover, TOVS Path A layer-mean values of virtual temperature and precipitable water were
created using a 6-hour forecast as initialization. The forecast was generated from an analysis,
which was based on all available data sources, including radiosondes. Thermal wind and
moisture data of the satellite solution were dependent on Macquarie Island radiosonde data
collected 6-18 hours prior to the satellite observations. They were, however, independent of

simultaneous radiosonde data.
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. S |
Figure 1. Time series of vertically integrated meridional moisture transport estimates (kgm s )
from satellite and radiosonde data sources at Macquarie Island during September 1988.
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Figure 2. Southern Ocean latitude boundaries used for meridional moisture transport analyses.
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4. MOISTURE TRANSPORT ACROSS THE SOUTHERN OCEAN
4.1 Zonal averages

Using the methodology outlined previously, vertically integrated meridional moisture transports
were generated for 1988 across the latitudinal boundaries shown in Figure 2. Zonal averages
were computed and are shown in Figure 3 along with values from several previous studies.
Across 50°S, the satellite-measured meridional moisture flux is -31.8 kg m.l s.l, approximately
25% larger than the next largest flux value. There is no sea ice and almost no land mass at this
latitude. The satellite solution is optimized with plentiful SSM/I surface wind speed data.
Because traditional analyses suffer from data scarcity here, the satellite measurements offer a
superior moisture flux answer in this region of the world. Although only data from 1988 were
used for the satellite solution, interannual variability cannot account for the given discrepancy

over such a large planetary region. The satellite-measured meridional moisture flux across 60°S
-1 .] . . .
of -15.2kgm s is closer to a median or consensus value. Contemporary research by Bromwich

et al. (1995) and Giovinetto et al. (1997) indicates -17.0 kg m-l s'l and -17.8 kg m—l s-l

respectively for meridional moisture flux here.
4.2 Longitudinal dependence of moisture transport

The 1988 meridional moisture transport across 50°S encompasses large longitudinal variability as

a9
shown in Figure 4. Poleward moisture flux reaches a maximum of 60 kg m s near 135°E
midway between Australia and Antarctica. Values drop near the dateline before increasing to

45 kg m'l s_1 at 120°W in the southeastern Pacific. Moisture flux is actually equatorward east of

South America. Poleward moisture transport returns in the south central Atlantic.

Longitudinal dependence of moisture flux across 60°S is also shown in Figure 4. Maximum
poleward moisture transport of 20-30 kg m_] s_1 occurs from the southeastern Indian through the
southern Pacific Oceans. Moisture flux changes abruptly as a function of longitude through the
Drake Passage, becoming equatorward from there into the southwestern Atlantic. The
southeastern Atlantic exhibits a small poleward moisture transport of 5-10 kg m's . From 30°W
through 35°E, poleward moisture flux gradually increases. This pattern repeats from 55°E to
120°E but the rate of increase is faster. These results are consistent with two quasi-stationary

cyclones situated just off the Antarctic coast at the same locations determined by Bromwich
(1988).
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Figure 3. Zonally averaged, vertically integrated meridional moisture transport
SR . 3 : :
(kg m s ) for the satellite data solution in comparison to several previous studies.
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Figure 4. Vertically integrated meridional moisture transport (kg m>1 s-l) across 50°S (left) and
60°S (right) plotted versus longitude. Plot has been smoothed with a five-point boxcar filter.
Original data were overplotted for reference.
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A critical assumption of this analysis is that the total vertical wind shear be approximately equal
to the geostrophic wind shear. This assumption is not valid in the katabatic wind regime close to
the continent where the boundary layer is decoupled from the atmosphere above. Therefore, only

subsets of 66°S and 72°S could be analyzed for meridional moisture flux.
4.3 Vertical and sector dependence of moisture transport into West Antarctica

Figure 5 indicates the locations of the Ross Sea, Amundsen Sea, Bellingshausen Sea, and
Weddell Sea sectors of West Antarctica. Meridional moisture fluxes across 66°S are presented in
Figure 6 for vertical layers within each sector. This analysis illuminates atmospheric moisture
sources for West Antarctic net precipitation. The largest poleward moisture transport occurs
through the Amundsen Sea sector. The relative importance of the mid-troposphere increases at
higher latitudes with respect to transporting moisture through the Amundsen Sea (not shown).
Large poleward moisture transport is also evident through the Bellingshausen Sea. The relative
importance of vertical layers does not change from 60°S to 66°S for the Bellingshausen Sea (not
shown) in contrast to the results for the Amundsen Sea. Moisture transport through the Weddell
Sea sector is primarily invariant, exhibiting equatorward flux at all levels. For net precipitation
onto the Antarctic ice sheets, moisture transport through other sectors must compensate for an

actual loss of atmospheric moisture across the Weddell Sea.
5. NET PRECIPITATION

Using the transport results from Figure 4, the moisture convergence for 50-60°S latitude band
was determined to be 636 kg m.2 yr-l. Only Briazgin and Sharova (1978) and Strokina and Krhol
(1978) found a higher value for moisture convergence. All other studies indicated smaller
convergence. This region is problematic for studies with conventional data due to a dearth of
surface and upper-air observations. Analyses and methodologies employed by other studies

required large-scale interpolation through this region of scarce in situ data.

The satellite solution is invalid along the Antarctic coastline because geostrophy cannot explain
the vertical wind shear in these regions of persistent katabatic drainage. The smallest region was
defined for which reasonable net precipitation estimates can be made using the outlined satellite
data and methodology. The meridional moisture flux across 66°S was used wherever possible
from ~161°E eastward around West Antarctica to ~31°E. The remainder of longitudes along

most of the East Antarctic coastline used the meridional moisture flux values across 60°S. This

3 2
region encloses an area of 26,375,300 km , which is a little less than twice the area of the actual
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Figure 5. West Antarctica showing boundaries used in sector analyses. Solid lines indicate the
longitude borders of defined sectors. Meridional moisture flux was analyzed across latitude
boundaries shown with dashed lines.
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Figure 6. Comparison of vertically integrated meridional moisture transport (kg m-l shl) across
66°S for individual vertical layers within the Ross Sea (lower left), Amundsen Sea (upper left),
Bellingshausen Sea (upper right), and Weddell Sea (lower right) sectors. Negative values
indicate poleward moisture flux.
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continent. The defined area includes the Antarctic continent, ice shelves, and a fraction of the

surrounding seas. Atmospheric moisture convergence for this region implies a net precipitation

of 21.8 cm yr-l.

Although no direct measurement of net continental precipitation was possible, an indirect
estimate could be extrapolated. The average gradients from other studies (Baumgartner &
Reichel (1975), Peixoto & Oort (1983), Howarth & Rayner (1986), Bromwich et al. (1995),
Giovinetto et al. (1997)) were used to extrapolate the satellite solution to the Antarctic coastline.

Assuming that the zonal moisture flux through the longitudinal boundaries at 31°E and 161°E

cancel, extrapolated moisture fluxes indicate net Antarctic precipitation of 17.4 cm yr_].
6. CONCLUSIONS

The strength of the satellite-derived solution is its spatial and temporal data coverage over the
ice-free Southern Ocean. Data from 1988 were analyzed. Comparisons between the Macquarie
Island radiosonde and the satellite-derived moisture flux estimates indicated small bias, however

the satellite-derived products were not entirely independent of the radiosonde data.

skie 4
Zonally averaged meridional moisture flux across 50°S of -31.8 kg m s is higher than indicated
by contemporary studies, while the flux across 60°S of -15.2 kg m'l s_l is closer to a consensus

value. Resulting moisture convergence for the 50-60°S latitude band is 636 + 50 kg m-2 yr'l,

about 50% larger than reported by Baumgartner and Reichel (1975) and Bromwich et al. (1995).

<

From 50°S to 60°S, longitudinal patterns of meridional moisture flux are consistent between
latitudes. Poleward transport peaks in the South Pacific near 135°E with a secondary maximum
close to 135°W. The moisture flux changes abruptly as a function of longitude through the Drake

Passage. Moisture transport actually becomes equatorward in the Weddell Sea.

Moisture convergence poleward of 60°S yielded a net precipitation of 28.1 cm yr—] comparing

favorably with 31.4 cm yr  and 32.9 cmyr - from Bromwich et al. (1995) and Giovinetto et al.
(1997) respectively. Satellite analysis can be utilized for an enclosed area bounded meridionally

by 60°S along East Antarctica and 66°S around West Antarctica. Satellite-derived moisture

-1
convergence for this region yielded a net precipitation of 21.8 cm yr . By utilizing other studies,

the satellite solution was extrapolated to the Antarctic coastline. Resulting net precipitation for

Antarctica itself was determined as 17.4 + 1.4 cm yr_l.
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Large moisture transport into West Antarctica occurs through the Amundsen and Bellingshausen
Seas. Equatorward moisture flux is exhibited throughout the Weddell Sea. The Amundsen and
Bellingshausen sector fluxes must supply all the moisture for West Antarctic net precipitation in
addition to deficits through the Ross and Weddell sectors. These atmospheric moisture flow
patterns suggest enhanced net precipitation over Ellsworth and Marie Byrd Land and
corresponding reduced net precipitation over the Ross and Ronne Ice Shelves. Moisture flux
across the Amundsen Sea is more apt to reach interior regions of the West Antarctic Ice Sheet
because much of the transport is accomplished through the mid-troposphere. Moisture flux
across the Bellingshausen Sea, which is preferentially advected in the lowest layers, is largely

precipitated on the Ellsworth Coast.
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