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 INTRODUCTION       

   

For the �rst time, dense airborne GPS radio occultation (ARO) observations have been 
collected near developing cyclones, with concurrent dense sampling by dropsondes. 
in the 2010 PRE-Depression Investigation of Cloud systems in the Tropics (PREDICT) 
experiment, a large ARO dataset was acquired from twenty-six research �ights and re-
fractivity pro�les have been derived from the GISMOS geodetic GPS receiver data.  The 
airborne RO pro�les consistently agree within ~2% of refractivity pro�les calculated 
from the European Center for Medium-range Weather Forecasting (ECMWF) Interim 
Reanalysis (ERA-Interim) and dropsonde data. Changes in refractivity obtained from 
ARO data over the �ve days leading to the genesis of the tropical storm that would 
later develop into hurricane Karl are consistent with moistening in the vicinity of the 
storm center. The algorithm to assimilate airborne GPS observations has been imple-
mented in the Three-Dimensional Variational (3DVAR) Data Assimilation (DA) system 
of the Weather Research and Forecasting (WRF) model. Preliminary experiments show 
a positive impact from the assimilation of both dropsondes and airborne GPS obser-
vations on Karl simulations, with improvements in refractivity and moisture �elds 
above ~4 km. GPS signals from the GISMOS 10 MHz recording system have been ana-
lyzed with a more robust open loop tracking method and are shown to track ~2km 
deeper into the troposphere than the conventional receivers. These pro�les will be 
used to improve the data assimilation at lower levels. 

OBJECTIVES   

 
To determine the ability of the airborne GPS radio occultation technique to resolve 
moisture variabilty in the region of a developing tropical storm. 

To quantify the accuracy of refractivity pro�les retrieved from airborne GPS radio oc-
cultation data by comparison to pro�les derived from co-located dropsonde data 
and numerical weather prediction models. 

To test the assimilation of airborne GPS radio occultation refractivity pro�les into a 
numerical weather model  during the development of a tropical system, and quan-
tify the improvements in the model forecast accuracy. 

THE PRE-DEPRESSION INVESTIGATION OF CLOUD    
SYSTEMS IN THE TROPICS CAMPAIGN (PREDICT)

EVOLUTION OF HURRICANE KARL

The development of Karl was studied extensively during PREDICT with six research �ights into 
the system over �ve days, from 10 - 14 September 2010. Genesis occurred on 14 September 
when Karl became a tropical depression ( T 0 ). It became a tropical storm later that day, was 
upgraded to a hurricane on 16 September, and reached its maximum intensity of Category 3 
on 18 September (Stewart, 2011). It became the strongest hurricane to be recorded in the Bay 
of Campeche. Airborne GPS radio occultation refractivity pro�les are presented in this study 
from �ve research �ights, RF14 – RF18.  Flight tracks are shown in the �gure above.  The tan-
gent point drift paths for GPS satellite occultations recorded by GISMOS geodetic receivers 
are highlighted in green. 

  RADIO OCCULTATION GEOMETRIC RAY PATH

Illustration 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 de�ned 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). 

RESEARCH MISSION RF18 INTO DEVELOPING CYCLONE KARL

Research �ight 18 (13 September 2010, T-1 days) (above left) This �ight targeted the pre-Karl 
system one day prior to genesis. The �ight track and dropsonde locations (stars) are shown. The 
locations of the tangent points for the setting satellite prn25 occultation are shown with di�er-
ent colors indicating the tangent point heights. The location of the circulation center (Dunkerton 
et al. 2009) is shown with the diamond.
Excess Doppler (above right): The excess Doppler shift of the GPS carrier phase increases with 
time as the satellite sets and the refractive bending angle increases. The Doppler shift from a high 
elevation satellite, prn14, is subtracted from the prn25 Doppler. 
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CONCLUSIONS

Airborne GPS radio occultation refractivity pro�les agree within ~ 2% of the refractivity calculated from nearby dropsondes and the ECMWF 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 �rst 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 pro�les 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 di�erent 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 pro�le 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 pro�les 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.        
     

Open-loop tracking (right): The geodetic quality 
phase lock loop (PLL) receivers utilize a feedback 
tracking algorithm which will lose lock on a signal in 
the lower troposphere due to rapid phase �uctua-
tions, for example, caused by sharply changing refrac-
tivity gradients. A GPS recorder was also used to di-
rectly sample the down-converted GPS RF signals at 
10 MHz for post-processing with a software receiver 
using an open loop tracking algorithm. This makes it 
possible to track deeper into the troposphere (Acikoz, 
2011; Muradyan et al., 2012; ). In the plot at right, the 
refractivity retrieval for RF18 prn25 is extended ~2 km 
deeper than the retrieval using the PLL data. 
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ASSESSING ARO DATA QUALITY: COMPARISONS TO 
DROPSONDES AND THE ECMWF MODEL 
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We use 21 pro�les throughout the PREDICT campaign to assess the overall agree-
ment of the ARO refractivity data with refractivity pro�les derived from dropsondes 
and from the ERA-Interim model. Refractivity is calculated using:

 
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.   

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  di�erences are 
generally less than ~ 2 %.

The ECMWF ERA interim reanalysis is in-
terpolated to 0.75 degrees in latitude 
and longitude.  The mean di�erence for 
both RO – dropsonde and RO – ECMWF 
is less than 1 %. 

MOISTURE VARIABILITY AS SHOWN BY REFRACTIVITY IN 
DEVELOPING TROPICAL STORM KARL 
Changes in refractivity relative to the 4-day mean serve as a proxy for moisture evolution as 
Karl transitions from a tropical disturbance to tropical depression and then to a tropical storm 
from 9-14 September.

Locations of a subset of setting occultations for research �ights RF14 – RF18, using geodetic re-
ceiver data.  The tangent point paths of the occultations are shown for each �ight.  Stars give the 
location of dropsonde deployments nearest the occultation tangent points. The dropsonde and 
RO pro�les closest to the center (squares) will be used to illustrate moisture evolution. 

The dry refractivity, N_dry=77.6*(P/T ),  varies little over the four days (above center) where the dry 
refractivity calculated from each dropsonde is compared to the mean of all drops over RF14 - RF18. 
The refractivity variation below ~9km can be attributed mostly to moisture (above left), the approxi-
mate height where the mean total refractivity begins to deviate from the mean dry refractivity. 
The RO refractivity pro�les are consistent with a general moistening in the vicinity of the developing 
tropical storm (above right). The refractivity pro�le 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 signi�cantly greater refractiv-
ity (> ~2%) in the height range from 6-8 km.  The closest RO pro�les to the storm center are from RF14 
(T-4), RF16 (T-3) and RF18 (T-1).

 

Averages from four dropsondes in the vicinity of occultations were calculated from each �ight 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 signi�cant 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 pro�les are consistent with moistening near the tropical cyclone 
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Evolution and track of hurricane Karl
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Dropsonde refractivity evolution in vicinity of RO profiles
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PRELIMINARY ASSIMILATION INTO THE  WEATHER  RESEARCH AND FORECASTING (WRF) MODEL

Three-way nested simulation domains (27 km, 9 km, and 3km grids) and locations of all assimi-
lated observations during the data cycling period. Colors: 1200 UTC September 10th in violet 
to 1200 UTC September 13th in red. The large black cross indicates the position of the Tropical 
Low at 1800 UTC September 13th as reported by the National Hurricane Center (Stewart 2011).

Model con�guration: 
• Purdue microphysics scheme (Chen and Sun, 2002)
• YonSei University (YSU) planetary boundary layer scheme (Hong et al., 1996)
• Kain-Fritsch (KF) cumulus parameterization (Kain 2004), 
• Rapid Radiative Transfer Model longwave radiation parameterization (Mlawer et al. 1997)
• Goddard shortwave radiation parameterization (Chou and Suarez 1999; Chou et al. 2001).  
• A time step of 120 seconds is used for domain 1.  
• Initial and boundary conditions are the NCEP FNL (Final) Operational Global Analysis
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WRF MODEL CONFIGURATION

The Three-Dimensional Variational (3DVAR) Data Assimilation (DA) system of the Weather Re-
search and Forecasting (WRF) model is used to perform data assimilation of dropsonde and air-
borne RO data every 3 hours over the time period shown for three experiments: 
1. NONE: No data are assimilated during data cycling. 
2. DRPS: Dropsonde observations are assimilated every three hours 
3. DRPS+GPS: Airborne GPS refractivity data are added to the DRPS experiment, providing ad-
ditional information on the refractivity of the air column, mainly above 5km. 

*  The vertical pro�les 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) 
using 12 and 24-hours model forecast di�erences 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 modi�ed from the space-borne geometry to account for the truncation of the observa-
tions at the aircraft �ight 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.

High-resolution water vapor �elds from the DRPS (dropsonde only) data assimilation experi-
ment at 12 Sept 1200 UTC at 6 km height. Locations of the occultation points for PRN07, PRN 13, 
PRN22, and PRN 29 are shown. PRN13 is located in a region of very high moisture, and PRN07 
occurs in a very dry region.

Retrieved refractivity minus the environmental mean at the location of the four occultations 
shown above. The environmental mean is calculated as the mean of all dropsondes in the 5 day 
period leading up to genesis. At 6 km height, PRN13 is has much higher refractivity, thus consis-
tent with the pro�le occurring in a very moist region of the storm. This comparison illustrates 
that the implicit weighting of the observations to the location of the tangent point is su�cient 
to di�erentiate regions of vastly di�erent moisture content, at the scale of ~250 km.

Average di�erence 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).
Di�erences are small and perhaps insigni�cant after 3 hours. After 12 hours, however, the drop-
sondes improved the moisture �elds substantially. Addition of the airborne GPS RO observa-
tions further improved the model moisture and refractivity �elds above 4 km. Although there 
were no airborne observations at low levels, the simulations were indirectly a�ected 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.

13 Sept 15:00 UTC 14 Sept 00:00 UTC

DATA ASSIMILATION EXPERIMENTS

DROPSONDE ONLY ASSIMILATION USING WRFDA

COMPARISON WITH RADIO OCCULTATION DATA

DROPSONDE + ARO  ASSIMILATION RESULTS

 Most Atlantic hurricanes form in cloud systems associated with African  Easterly Waves, 
troughs of low pressure which move o� the African continent and across the Atlantic 
(Landsea 1993).  In this image from 1 September 2010, areas of circulation co-moving with 
waves are labeled and tracked.  These regions are isolated areas where convection can in-
crease moisture leading to an environment in which a hurricane may form.  The PRE-
Depression Investigation of Cloud systems in the Tropics (PREDICT) experiment speci�cally 
 studied  the development phase of tropical cyclones. Measurements are centered about the
 axes of the African Easterly Waves.  The �gure above shows total precipitable water in the a-
tmosphere around these regions based on satellite imagery and are provided by  the Coo-
perative Institute for Meteorological Satellite Studies.

Bending angle: The refractive bending angle 
(blue) is retrieved from the excess Doppler and 
compared with a simulated pro�le (green) from 
ERA-Interim.

Refractivity : The pro�le retrieved from the 
prn25 occultation is compared with pro�les 
calculated using a co-located dropsonde 
and the ERA-Interim model.

Tropical Tropical Tropical
Disturbance Depression Storm
------- ------- ------- ------- ------- ------- ------- ------- ------- ------- ------- ------- ------- ------- ------- ------- ------- ------- ------- ------- ------- ------- ------- ------- ------- ------- ------- ------- ------- ------- ------- ------- ------- at 12Z at 18Z
10 Sept 11 Sept 12 Sept 13 Sept 14 Sept 15 Sept

900 1200 1500 1800 2100 0 300 600 900 1200 1500 1800 2100 0 300 600 900 1200 1500 1800 2100 0 300 600 900 1200 1500 1800 2100 0 300 600 900 1200 1500 1800 2100 0 300

Data assimilation period Forecast simulation
Comparison a Comparison b

RF14  900Z to 1430Z RF16 1500Z to 2040Z RF17 1100Z to 1600Z RF18 1000Z to 1600Z RF19 1200Z to 1930Z
RF15 1630Z to 2200Z

G-V Radio Occultation data
time prn time prn time prn time prn time prn time prn time prn
12:12 30-14 18:50 24-07 19:00 24-07 12:48 22-16 10:21 12-31 13:42 14-03 18:18 24-01
13:30 29-16 12:53 22-14 *same one twice 11:21 25-14

13:06 29-16 11:24 30-14
13:26 13-16 11:53 23-16
14:06 14-03

G-V and DC-8 Dropsonde data times Validation Dataset
9:29 10:39 16:53 19:42 15:49 16:44 19:35 11:33 13:38 11:05 13:34 22:44 15:19 16:31
9:38 10:51 17:03 19:54 16:02 16:49 19:44 11:44 13:51 11:18 13:43 22:52 15:25 16:40
9:51 11:04 17:15 20:07 16:16 16:55 19:57 11:46 13:59 11:30 13:59 23:13 15:37 16:48

10:05 11:14 17:27 20:19 16:27 17:06 11:54 14:10 11:47 14:07 23:25 15:49 17:00
10:15 11:26 17:40 20:31 17:19 12:02 14:23 11:56 14:20 23:44 16:00 17:13
10:29 11:37 17:52 20:42 17:31 12:13 14:35 12:03 14:28 23:54 16:11 17:25

11:55 18:03 20:53 17:41 12:28 14:48 12:16 14:36 0:04 16:23 17:34
12:08 18:15 21:02 17:53 12:41 14:58 12:28 14:44 0:14 17:46
12:23 18:28 18:05 12:53 15:09 12:38 0:24 17:58
12:33 18:39 18:17 13:04 15:21 12:48 0:45 18:09
12:47 18:49 18:31 13:17 12:59 18:19
12:58 19:03 18:44 13:28 13:23 18:31
13:10 19:16 18:59 18:39
13:22 19:09 18:53
13:32 19:21


