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Introduction Pre-Karl Development ARO Refractivity: Spatial Variability
The PRE-Depression Investigation of Cloud-systems in the Tropics (PREDICT) field campaign from 15 August to 30 September 2010 focused on de- - rol d o e —
veloping tropical disturbances in the Caribbean and mid-Atlantic. The development of hurricane Karl in 2010 was investigated with dropsonde 18 S — i< -
and airborne radio occultation (ARO) measurements from the stage of tropical disturbance within an easterly wave through to genesis of the BG " ke 1ol i
tropical storm. Infrared imagery showed deep convection with extensive cold cloud tops on 11 September, however the storm failed to develop O {160 Py g vl T-4 S R
until 3 days later. One possible explanation is the horizontal offset of the mid and lower level circulation centers. We illustrate with airborne radio 2 Hurricane™ . ngri:(z'reenp e , 8- i = - 155
occultation measurements additional information on the moisture distribution during this stage of development that indicates that average B 14+ (magenta) “womge ® 0 oo o = 10 g | =% % 5o
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 - -~ %i%la % °f r 2 3
recorded by the GNSS instrument system for multistatic and occultation sensing (GISMOS) was analyzed with a version of the Purdue Software Re- 12 B Al . g | : .,
ceiver that has open-loop tracking implemented. We retrieve slanted vertical profiles of atmospheric refractivity that can be considered a proxy ol | 3 : OB i"x x P re :é:
for moisture in this tropical environment. We illustrate that in the mid to upper troposphere, ARO refractivity profiles sampling different areas 10 9'5 %0 8|O - £ T-4 | :Em i l Q‘pm .o *’5 .............. I ,
within the tropical wave showed characteristics that were consistent with (~150 to 200 km scale) horizontal moisture gradients present in the longitude (deg) | ~pmi7r F . X L0 Y S
NWP model representation of the developing tropical storm. Variation in refractivity preceding the development of the pre-Karl system is consis- ) | disturb o if ] | dal ] ] - Atlant f | 9 10 e 5 5 15 £ 15 12‘*_. | ;;"*.. TN s -
tent with increasing moisture near the storm center. The ARO observations almost double the amount of thermodynamic data over that provided 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 RFT9 ARG —karl mean refractivity (76) % 84 82 80 78 76 74 72 70 68 68
L . . : 8 September 2010. The system exhibited a diurnal convection pattern as it moved slowly across the Caribbean over 10 -13 September. The system latitude (deg)
by the dropsondes. They provide interesting complementary measurements that sample regions off the flight path. . . . . . . . g .
entered the Caribbean with mis-aligned mid and lower level circulation centers [Davis and Ahijevych, 2012] which may have delayed development. : L : .
(a) Difference of RF19 ARO refractivity profiles from the Karl environmental mean refractivity.

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. (b) RF19 flight path overlaid on total column precipitable water calculated from a high resolution WRF simulation which assimilated dropsondes.

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

Pouch Forecast Time: 2010001218 0rphed composite: 2010-03-12 12:00:00 UTC ARO Meso-a Refractivity Measurements | | o | S | | | N
50 » | [ A | | = In the tropical environment, refractivity is a useful first order proxy for moisture, indicating regions of moist and dry air. For example, ARO refractivity
'r#? s " ‘ — s . 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
| i pw ey 208 19 20 kg/kg Karl environmental mean background. ARO retrievals (prn08, prn17, prn28) near the storm center and in moist air show higher mid-tropospheric
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RF16: A near storm meso-a region has been defined as a 6 x 6 degree box centered on the National Hurricane Center best track locations. Occultation point locations 5 61 ] % 16
0 ] A . (defined as 500 hPa height tangent point) inside the region are included in the near storm average. LEFT: the RF16 near storm refractivity mean minus the environmental mean 2 E |
-100 a0 _E0 -70 Bl 50 40 ~a0 _70 10 0 profile (defined above) as a function of height is shown by solid black line while the standard deviation is shown by dashed black lines. The near storm refractivity mean at - [ 7 e Y
Longitude calculated from dropsondes in the region is shown in blue. CENTER: The RF16 flight track is overlaid on GOES-13 ch4 thermal infrared imagery. ARO tangent point paths are P g . < WA
drawn in cyan with occultation points indicated by yellow crosses. Dropsonde locations are marked by magenta stars. The meso-a region is shown by the dashed red box. ol ] W s N a2 )
PREDICT Campaign: Tropical disturbances moving with African Easterly Waves (AEW) across the central Atlantic and into the Caribbean RIGHT: The mid-tropospheric column precipitable water from 4 - 8 km altitude calculated from a high resolution Weather and Research Forecasting (WRF) model simulation |
were identified as potential targets for study. While most of these disturbances do not develop, the majority of Atlantic hurricanes which assimilated PREDICT dropsondes. The RF16 flight path is plotted with dropsondes indicated by magenta stars and ARO tangent point paths drawn in cyan. Occultation 1_%2
originate from cloud systems associated with AEW [ Landsea, 1993]. points are marked by red crosses o = 0 v 10 longitude (deg)

RF18 ARO - Karl mean refractivity (%)
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.

21 120 kg/kg . : : : : : .
A heric Ref ity M d bv ARO 20 Total column precipitable water above 6 km for RF18 was calculated from a high resolution WRF simulation which assimilated PREDICT dropsondes. ARO
tmosp €rc RE raCtNlty €asure y 20 | retrievals were sorted into three bins according to the magnitude of precipitable water in the region sampled by the occultation points.
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GPS radio occultation is useql to remotely sense the atmosphere in all weather conditions and rgtrleve high res.olutlon proﬁ[es of atrrTo.spherlc r.efract|V|ty. 15 (a) Mean refractivity of RF18 retrievals for each bin.
The observed delay of GPS signals propagating through the atmosphere compared to vacuum is used to obtain atmospheric refractivity. The signals _ 18 M
e e . . . . . . . . . . D16k 4 o)
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 S Sk (b) RF18 flight path overlaid on total column precipitable water above 6 km. Occultation points of each ARO retrieval are plotted and color coded to their bins.
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 8 o | 110
i incki i i i i i i 6= 216 : : : : : e . :
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 g 14] 5 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,
satellite sets or rises. Typically this drift is ~300-500 km. o S sl represented by the binned high, mid, and lower PW values.
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Atmospheric refractivity is directly r?IatEd to pressure, temperature, 8 8| 8| RF17: LEFT, CENTER and RIGHT figures same as RF16 above. atitude (deg) —opseves e e T T AT - b
and water vapor pressure as shown in the above relation. The dependence £, i | 1000 L o
of refractivity on atmospheric variables can be separated into ‘wet’terms with = 6l Al 6l During RF17 dropsondes could not be deployed near the area of strongest convection due to hazardous flight conditions. However, the region was sampled 590 s oyl AL ey TPW
moisture dependence and a‘dry’ term. Vertical temperature profiles in tropical g i i | by ARO. The meso-a mean refractivity was lessened from RF16. The development may have been inhibited by the continued mis-alignment of the surface ‘ 2 e ("1131)
regions are relatively homogeneous and variation of refractivity below 8 km j| i Al and mid-level circulation centers. € oof :;”Bd E N § cEE
altitude is due primarily to moisture variation. Therefore, refractivity serves as al al 3l 12 : - e ——— 21 120 kg/kg E o GTS+aRO 5 5 52 o .
a first order proxy for moisture. We define a background environmental mean o ol ol N 20 ¥ = - 1
profile for Karl as the average of all dropsonde measurements (shown on the right) ni et Pyt 1 1 4 10 N 960 5 i !
recorded during flights RF14-RF18. 0 100 200 300 45-10 -5 0 5 10 2 -1 0 1 2 : ) | 11 e - 10
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r T T 2 R E 216 As a preliminary test of potential ARO impact on a numerical weather forecast, RF18 ARO refractivity was assimilated with Global Telecommunications System (GTS)
_ 2 - y y y
4r o L IS data into a WRF simulation and compared to the assimilation of GTS only.
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(a) (b) RF18 prn20 occultation, GOES visible imagery 11.75Z 13 September 2010 T y 5
14 14 120 % | 2\) S LEFT: ARO + GTS forecast of storm intensity matched observations more closely than GTS alone.
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12 =RALelpma0riangent pomtsy) - 12 | cosative 19 % % 4 2 0 2 4 & 8 s | , e i CENTER: ARO + GTS storm track was also improved compared with GTS alone forecast.
’ P ; RF18 near PM_ARO - Karl mean refractivity (%) 12 0
‘ol 10l ": dropsonde location - -82 -80 -78 -76 -74 -72
; , Pre—Karl storm center longitude (deg) latitude (deg) . L. . . . . .
- - 2z VR RF18: Upper LEFT, CENTER and RIGHT figures same as RF16 above RIGHT: Difference between ARO + GTS and GTS alone total precipitable water (TPW) for RF18, 12Z. Wind barbs indicate the mean flow. The ARO + GTS indicate
- 1 8r e . ’ . . . . . . . . . . .
% 8 = = tangent pt. hgt. (14-10km) g increased moisture just southeast and northwest of storm center, approximately where ARO prn25, 30 and 11 sampled, potentially contributing to improved intensity
g of 12 6 . ey :Z: ﬁlf;ﬁ,“,,’;" 178 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 forecast. Further study indicated the increased moisture was mostly at mid-troposphere level.
tangent pt. hgt. (6-4km) = 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
4r 4r RS == tangent pt. hgt (4-1.2km) § ! S . . .
¢ B 16 moistening that can be used to help accurately forecast the development of the pre-Karl disturbance. )
) | s . Conclusions
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Regions of moisture variation on the order of 150 — 200 km could be resolved by the mean ARO refractivity retrieved over those regions.



