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Introduction

-
veloping tropical disturbances in the Caribbean and mid-Atlantic. The development of hurricane Karl in 2010 was investigated with dropsonde 
and airborne radio occultation (ARO) measurements from the stage of tropical disturbance within an easterly wave through to genesis of the 
tropical storm. Infrared imagery showed deep convection with extensive cold cloud tops on 11 September, however the storm failed to develop 

occultation measurements additional information on the moisture distribution during this stage of development that indicates that average 
mid-level moisture was lower the following day and then increased again over the next two days prior to development. High sample rate RF data 
recorded by the GNSS instrument system for multistatic and occultation sensing (GISMOS) was analyzed with a version of the Purdue Software Re-

within the tropical wave showed characteristics that were consistent with (~150 to 200 km scale) horizontal moisture gradients present in the 
NWP model representation of the developing tropical storm. Variation in refractivity preceding the development of the pre-Karl system is consis-
tent with increasing moisture near the storm center. The ARO observations almost double the amount of thermodynamic data over that provided 
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Atmospheric Refractivity Measured by ARO

PREDICT Campaign: Tropical disturbances moving with African Easterly Waves (AEW) across the central Atlantic and into the Caribbean 

originate from cloud systems associated with AEW [ Landsea, 1993].  

Pre-Karl Development

ARO Meso-α Refractivity Measurements

ARO Refractivity: Spatial Variability

ARO Refractivity: Spatial Resolution

Conclusions
Acknowledgements

The observed delay of GPS signals propagating through the atmosphere compared to vacuum is used to obtain atmospheric refractivity. The signals 
are tracked as a transmitting GPS satellite sets below or rises above the horizon.  The ray path is characterized by its tangentpoint, which is the point of 
closest approach to the Earth’s surface. The tangent point of the ray path is important in that most of the bending due to refraction occurs in the vicinity 
of the tangent point. [Kursinski et al 1997]  The location of the tangent point drifts away from or towards the location of the aircraft as the occulting 
satellite sets or rises.  Typically this drift is ~300-500 km.
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RF18 prn20 occultation, GOES visible imagery 11.75Z 13 September 2010

 

 

coastline

dropsonde location
pre−Karl storm center
12Z
MKJP
tangent pt. hgt. (14−10km)
tangent pt. hgt. (10−8km)
tangent pt. hgt. (8−6km)
tangent pt. hgt. (6−4km)
tangent pt. hgt (4−1.2km)

Jamaica

pre−Karl storm center
12Z

MKJP

prn20

0 100 200 300
1
2
3
4
5
6
7
8
9

10
11
12

refractivity (N units)

he
ig

ht
 (k

m
)

−15 −10 −5 0 5 10
1
2
3
4
5
6
7
8
9

10
11
12

wet term − mean RF14 to 18 (%)
−2 −1 0 1 2
1
2
3
4
5
6
7
8
9

10
11
12

dry term − mean RF14 to RF18 (%)

(a) (b) (c)

Wet TotalDry

(a) (b)

−95 −90 −85 −80 −75 −70 −65 −6010

12

14

16

18

20

longitude (deg)

lat
itu

de
 (d

eg
)

 

 

Tropical 
Storm(green)Hurricane

(magenta)

14 Sept
RF19
T − 0

13 Sept 
RF18
T − 1 12 Sept 

RF17
T−2

St. Croix

11 Sept
RF16
T − 3 10 Sept

RF15
T − 4

10 Sept
RF14
T − 4

The pre-Karl disturbance initially formed from a merger of an easterly wave and a low pressure trough over the north Atlantic coast of Venezuela about 
8 September 2010. The system exhibited a diurnal convection pattern as it moved slowly across the Caribbean over 10 -13 September. The system 
entered the Caribbean with mis-aligned mid and lower level circulation centers [Davis and Ahijevych, 2012] which may have delayed development. 
The disturbance reached tropical depression strength on 14 September ( day T - 0) and after continued rapid development became a major hurricane in 
the Bay of Campeche by 17 September.
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RF16: 

drawn in cyan with occultation points indicated by yellow crosses. Dropsonde locations are marked by magenta stars. The meso-α region is shown by the dashed red box. 
RIGHT: The mid-tropospheric column precipitable water from 4 - 8 km altitude calculated from a high resolution Weather and Research Forecasting (WRF) model simulation 

points are marked by red crosses 

After a strong pulse of convection, the ARO mean near storm refractivity indicated a moist mid-troposphere (4 - 8 km) relative to the environmental mean refractivity.

RF17:  

by ARO.  The meso-α mean refractivity was lessened from RF16.  The development may have been inhibited by the continued mis-alignment of the surface 
and mid-level circulation centers.

RF18:  

Several dropsondes to the north and west of the storm center, as well as to the east. sampled outlying dryer regions. ARO was able to sample more of the high moisture regions
in the extended area of convection along a northeast line near the storm center. RF18 ARO results provide important additional data on the increased mid to upper tropospheric
moistening that can be used to help accurately forecast the development of the pre-Karl disturbance.
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bin1: 1 − 3 mm PW
bin2: 3 − 5 mm PW
bin3: 5 −8 mm PW

(a) (b)

       ARO tangent point paths are shown in cyan and occultation points are marked by red crosses.

retrievals (prn11 and pn13) sampled areas of dry air far from the storm center and show lower refractivity in the mid troposphere compared to the 
Karl environmental mean background. ARO retrievals (prn08, prn17, prn28) near the storm center and in moist air show higher mid-tropospheric 
refractivity than background. 

(a) (b)

Total column precipitable water above 6 km for RF18 was calculated from a high resolution WRF simulation which assimilated PREDICT dropsondes. ARO 
retrievals were sorted into three bins according to the magnitude of precipitable water in the region sampled by the occultation points.

(a) Mean refractivity of RF18 retrievals for each bin.

The ARO observations, despite their large horizontal footprint, are capable of distinguishing larger scale variations of moisture on the order of about 150-200 km, 
represented by the binned high, mid, and lower PW values.
.

       for moisture.

      dropsonde soundings directly beneath the aircraft. When assimilated, this additional ARO data can potentially have additional positive impact 
     on numerical weather prediction forecasts, especially when ARO measures areas of convection not well sampled by dropsondes.

• Regions of moisture variation on the order of 150 – 200 km could be resolved by the mean ARO refractivity retrieved over those regions.

Xue Meng Chen and Shu-Hua Chen provided high resolution WRF simulation runs that assimilated all PREDICT dropsonde data. This work was funded bycontributions from the following 
grants: HIAPER UCAR Subcontract S05-39696, NSF grant SGER-0802887, NSF grant AGS 1015904, NSF grant AGS 1301835, NASA  grant NNX12AK30G. ERAI reanalyses were provided by 
the European Center for Medium Range Forecasts (ECMWF), http://apps.ecmwf.int/datasets/, and PREDICT dropsonde data were provided by NCAR-EOL, 
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Pre-Karl Dropsonde Refractivity

Atmospheric refractivity is directly related to pressure,, temperature ,  
and water vapor pressure as shown in the above relation. The dependence 
of refractivity on atmospheric variables can be separated into ‘wet’ terms with 

regions are relatively homogeneous and variation of refractivity below 8 km 
altitude is due primarily to moisture variation.  Therefore, refractivity serves as 

Research Flight (RF) 18 shows 2% error on average. The ARO refractivity was obtained 
from measurements using occulting GPS prn20 satellite using a radio-holographic phase 
matching technique [Jenson et al. 2004; Wang et al. 2016]. ERA-I comparison points were 
calculated from refractivity at the prn20 tangent point heights and positions.

GOES-13 visible imagery. The prn20 tangent point location drift 
is illustrated through succeeding height intervals.
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Preliminary ARO Assimilation Result

As a preliminary test of potential ARO impact on a numerical weather forecast, RF18 ARO refractivity was assimilated with Global Telecommunications System (GTS)  
data into a WRF simulation and compared to the assimilation of GTS only.

LEFT: ARO + GTS forecast of storm intensity matched observations more  closely than GTS alone.

CENTER: ARO + GTS storm track was also improved compared with GTS alone forecast.

increased moisture just southeast and northwest of storm center, approximately where ARO prn25, 30 and 11 sampled, potentially contributing to improved intensity 
forecast. Further study indicated the increased moisture was mostly at mid-troposphere level.


