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RF18 prn25 prn14 excess doppler smoothed with
2nd order 5pt span Savitzky-Golay filter

EVOLUTION OF HURRICANE KARL

PRELIMINARY ASSIMILATION INTO THE WEATHER RESEARCH AND FORECASTING (WRF) MODEL
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We use 21 profiles throughout the PREDICT campaign to assess the overall agree- The RO refractivity profiles are consistent with a general moistening in the vicinity of the developing 10 -

* The vertical profiles are thinned to one observation per model level to avoid over-weighting
and correlation of observational errors.
* Background error covariance was calculated with the NMC method (Parrish and Derber, 1992)

ment of the ARO refractivity data with refractivity profiles derived from dropsondes
and from the ERA-Interim model. Refractivity is calculated using:

P e
N=776=+3.73%x10°=

(N, K, hPa, g/kg) (N, K, hPa, g/kg)
13 Sept 15:00 UTC 14 Sept 00:00 UTC

RADIO OCCULTATION GEOMETRIC RAY PATH

tropical storm (above right). The refractivity profile for each occultation is shown relative to the Karl
environmental mean refractivity. The environmental mean was calculated from 105 drops over
RF14-18. Later RO observations closer to genesis (genesis =T - 0) have significantly greater refractiv-

lllustration of GPS signal ray paths through the atmosphere from an occulting satellite setting
below the horizon, and the tangent points of the ray paths, for the airborne GNSS Instrument
System for Multistatic and Occultation Sensing (GISMOS) (Garrison et al., 2007). The line of
sight to the GPS satellite initially has a positive elevation with respect to the horizon, then a
negative elevation angle below the horizon, until it sets. When the ray is refracted in the atmo-
sphere, under the approximation of spherical symmetry, the path can be defined by a bending
angle, and is observed through the excess Doppler shift of the GPS signal carrier phase. The
bending angle can be related to refractivity using geometric optics (Kursinski et al., 2000; Healy
et al., 2002; Xie et al., 2008).
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T T?
where pressure, P, and water vapor pressure, e, are in hPa and T is in kelvin. The geo-
metric height is found from geopotential height, accounting for variations in gravity
and the geoid height above the WGS-84 ellipsoid.
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The ECMWEF ERA interim reanalysis is in-
terpolated to 0.75 degrees in latitude
and longitude. The mean difference for
both RO - dropsonde and RO - ECMWF
is less than 1 %.
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RO - dropsonde refractivity difference (%)

The average spatial separation between the
dropsonde and RO occultation point is 118
km and the average separation in time is 1.4
hours. The RO - dropsonde differences are
generally less than ~ 2 %.

ity (> ~2%) in the height range from 6-8 km. The closest RO profiles to the storm center are from RF14
(T-4), RF16 (T-3) and RF18 (T-1).

Relative humidity in vicinity of RO profiles Dropsonde refractivity evolution in vicinity of RO profile
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Averages from four dropsondes in the vicinity of occultations were calculated from each flight RF14
-RF18. The variation of relative humidity (left) and refractivity (right) from the 5 day environmental
mean of 105 dropsondes is shown above.

* The most significant dropsonde moisture variations are in the 5-9 km height range that is well
sampled by RO.

*Variations in refractivity over RF14-RF18 are consistent between dropsondes and RO.

* Dropsonde and RO refractivity profiles are consistent with moistening near the tropical cyclone
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using 12 and 24-hours model forecast differences from the WRF model for September 2010.

* ARO observation errors were estimated to be 2% and constant over height from 0 to 14 km
based on the comparison completed at left.

* A non-local operator for integrated excess phase along the GPS ray path (Chen et al., 2009) has
been modified from the space-borne geometry to account for the truncation of the observa-
tions at the aircraft flight level and to account for the horizontal drift of the tangent points.

* Three external iterations are performed at each data assimilation cycle to assure balance
before propagating forward.

Average difference in the refractivity, temperature, air pressure and water vapor mixing ratio be-
tween dropsonde observations and the WRF forecast simulation values at 13 Sept 15:00 UTC
and 14 Sept 00:00 UTC (3 hours and 12 hours after the end of data cycling, respectively).
Differences are small and perhaps insignificant after 3 hours. After 12 hours, however, the drop-
sondes improved the moisture fields substantially. Addition of the airborne GPS RO observa-
tions further improved the model moisture and refractivity fields above 4 km. Although there
were no airborne observations at low levels, the simulations were indirectly affected by the ob-
servations assimilated in the levels above through the normal mode solution used in the verti-
cal. Future improvements in ARO data analysis and retrieval methods are focused on altitudes
below 4 km where atmospheric multipath can occur. This should help resolve the uncertainties
in the model simulations near the surface.

CONCLUSIONS

Airborne GPS radio occultation refractivity profiles agree within ~ 2% of the refractivity calculated from nearby dropsondes and the ECMWEF Interim Re-
analysis, despite the small scale structures dominating the tropical cyclone environment. The bias is less than 1% above 6.5 km. This is the first dem-
onstration of the close agreement between this new type of remote sensing data and conventional data.

In the 4 days leading up to genesis of the pre-Karl tropical storm, GPS ARO profiles are consistent with the general increase in humidity in the vicinity
of the storm center measured by dropsondes. With more data we hope to quantify the distribution of moisture at different stages of development,

which is critical to understanding the development of this storm.

Preliminary data assimilation using a non-local observation operator shows forecast improvement for the dropsonde assimilation and the dropsonde

+ ARO assimilation tests above 4 km.

Analysis of the 10 MHz high sample rate digitized GPS RF signals using an open loop tracking algorithm extended the profile 2 km lower, demonstrating
the ability of this technique to penetrate deeper into the moist atmosphere. Using this technique, we will be able to recover many more profiles and
achieve much denser sampling of the environment for each mission. This will also improve the statistical analysis of the results below 6.5 km as well

as the assimilation results below 4 km.



