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The 2017 Hurricanes season was one of the most powerful severe weather events producing catastrophic socio-economic and environmental effects on the east coast | _n | _ | . : 07-Sep, WV
of the United States. Therefore, tracking their path accurately is extremely useful. Today Global Navigation Satellite Systems (GNSS) tropospheric products, such =~ ‘ | L o T
as Zenith Wet Delays (ZWD), and Integrated Water Vapor (IWV) are used as complementary data sets in Numerical Weather Prediction (NWP) models. In this
study, we employed GPS-derived IWV and horizontal tropospheric gradient information to monitor and investigate the complicated characteristics of hurricane events
in their spatial and temporal distribution using a dense ground network of GPS stations. Our results show that a surge in GPS-derived IWV occurred several hours
prior to the manifestation of the major hurricanes Harvey and Irma. We used the derived GPS-derived IWV information as input to spaghetti lines weather models,
allowing us to predict the paths of Harvey and Irma hurricanes. As such, a parameter directly estimated from GPS can provide an additional resource for improving
the monitoring of hurricane paths.

Extreme meteorological events like hurricanes Harvey and Irma emphasised the
need for tracking using additional observational tools to mitigate the risks. GPS
tropospheric products can provide useful information to understand the structure
and behavior of hurricanes better|1]. The use of GPS tropospheric products for
regional severe storm prediction is an application that the geodetic community
wishes to promote to meteorological research groups. The main motivation for
this work is to track and characterize hurricane movements using GPS-derived
local maxima IWV patterns. We introduce an emprical spaghetti model |2] using
GPS-derived atmospheric water vapor fields and how these fields can potentially
predict the path of hurricanes. From maps of IWV fields, we have constructed
a pair of geodetic coordinate representing GPS-derived IWYV local-maxima ev-
ery 6-hour interval. Then, we employed the spaghetti model to provide early
information on where a potential tropical storm or hurricane might occur. We
have also compared the temporal distribution of the GPS-derived IWV content
with the precipitation value from Tropical Rainfall Measuring Mission (TRMM)

and Integrated Multi-Satellite Retrievals for Global Precipitation Measurement
(GPM/IMERG) satellite mission.
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Retrieval of IWV: We have used the zenith total delay (ZTD) obtained at the Nevada = 142 >
Geodetic Laboratory (NGL)|[3| using GIPSY /OASIS-II software in a precise point posi- 108 4O§|
.. . . G
tioning (PPP) strategy |5] for a dense array of GPS stations shown in Fig. 1a. We have 2 20 & <A |
calculated IWV by subtracting ZHD (from VMF grided files) from the ZTD using the 0 T o0 40 60 20 40 60 80 ) : o | T\ E N 4 ., 308
tormula OAUG 261728 9% Sbp 26172 otT 52 TRMM Precipitation [mm] GPS-IWV [mm] e oA o oo rr oy oo o e e e e T L N ETR S S
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where K and K3 are reflectivity constants, Rv is the ideal gas constant, p is the -~ 60§ %'fgg_:%:is 50 = Fig.3. Hourly distribution maps of GPS-IWYV and Infra-red brightness temperatures centered on Harvey (right) and Irma (left).
density of the water vapor, and T,, is the atmospheric column mean temperature. T, S 2 or::r'izl.é =
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Spaghetti model: To track the movement of Harvey and Irma, we constructed the (PP T T T TTTTAT TTTTTT TTTTTTTrTTTrTrTrrTTTT 40 — — ez
) 0 10 20 30 40 20 40 60 80 ‘N = 31H18  _ 26/H06 | 11H12 : : : :
GPS-IWYV map for every 6 hour. Then, we extracted the local-maxima of GPS-IWYV from 00 Ul 81,28 04 L 18 25 e 09 TRMM Precipitation [mm] GPS-IWV [mm] 34 Nljlj:: — 26/H00 SE"NI | — 11/Hog I ‘ An increase in GPS-IWV on average 28 mm (i.e 46 -74 mm) is commonly
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the maps, estimating at a location (lon,,lat,) of a zero crossing of the first derivative Fig.1 a) Distribution of GPS stations shown as green circles. The red and or- S Nl e | Caos observed in the vicinity of the area crossed by a storm.
of the IWV field, IWV « f(lon,lat,t = 6 hr). : . | 30/H12 P — 10/H06
ange lines are the actual paths of hurricanes Harvey and Irma. The numbers on these | lao/Hos 28'N — 1000 | |
SIWV (lony, lat.,) OIWV (lone, lat,) lines indicate the categories of the hurricane. (b—c) Six hour resolution stacked time 30°N{ T W — oz ‘ We found a peak IWV before and during the arrival of the storm and be
Non r—6hr priori Nat —6hr priori 0, (2) series of GPS-IWV of individual GPS stations (black-lines) and averaged (red-line) 4'N | — e able to construct a spaghetti model to predict the potential hurricane paths.
superimposed on daily GPM/IMERG precipitation (blue-line) time series for the two 28°N
where hurricanes: Harvey (within the red rectangle in a), Irma (within the orange rectangle 0N ‘ All our estimated local IWV maxima were shown to be within the cone of
IWVma;B T IWV(ZOno, lato) . (3) 1n a) The magenta shaded regions 1llustrate the periOdS where each hurricane show 26N j= 28/Ho0 '. inﬂuence Obtained from the National Hurricane Center (NHC) model.
Further, we employed the second-derivative to determine a local-maxima IWV and its a maximum change in GPS-IWV and precipitation. (d—e) scatter plots represent [ 16°N .?
: : : e : : : the regression between TRMM derived precipitation and GPS-IWV. The red line is 24°N | . : . . .
chrdmaftes. Cglng cou'd Vlsuallzeheachélnedln tlhlls mlo del to be a su%gle Strar(;d ! Spaééhettl the Zstgil;nage(? line; rIelgression anzln;he I;eeflshaldélw 12 the 95% conﬁdencre intlerllrvall | ) ‘ T'he main advantage of GP5-derived IWV is that it is possible to produce
that 1s formed by connecting the individual local maximum. 'lo introduce suflicient ) 0 : | 26/H12 : 12°N o | S : : : :
variation, we added white noise to the local IWV maxima. Regression is carried out with a three-hour resolution over the time periods (i.e. 2531 100°W 98°W 98°W 94°W 92°W 90°W 84'W 80°W 76°W 72°W 68'W 64°W 60°W IWthIStrlbUtIOH maps in real or near real time (i.e. less than every 15
August 2017 for Harvey over Houston, and 6—12 September 2017 for Irma over Florida. s minutes).
f ~ f(lon,lat) = r(lone,lat,) 4+ & (4) (f) The Radiosonde station at Corpus Christi (CRP) and GPS station, TXCC, and (g) 60 65 70 75
the RS station Lake Charles (LCH) at Houston and GPS station LAC1. The red line is Local maxima WV [mm]
where r is geodetic coordinate of IWV},4 and & is assumed to Gaussian distributed the estimated linear regression. The number of data samples (N), Pearson correlation, Fig.4: Spaghetti line plots (blue lines) based on local maxima GPS-IWV/(colored circles) for
IlOise Wlth a Certain Imearl and Variance. Slope’ intercept and I‘OOt mean Square error are glven ln the legends The blue dots hurricanes Harvey (left) and Irma (I'lght) The magenta pOlngnS show the best tracks from the Rocken, C. et al. GPS/STORM—GPS Sensing of Atmospheric Water Vapor for Meteorology. Journal of
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