Impact of Ocean Observations on Hurricane Forecasts in the Mid-Atlantic

Forecasting Lessons Learned from Hurricane Irene
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Abstract—Hurricane Irene followed a track that curved northward over the Bahamas and ran directly over the U.S. east coast from Cape Hatteras to New England in August of 2011, causing severe storm surges, intense inland flooding, loss of life and over $8 billon in storm damage. While the ensemble of atmospheric forecast models accurately predicted the hurricane timing and track, the hurricane intensity was consistently over-predicted. Data from the U.S. Integrated Ocean Observing System (IOOS) were used to better understand the potential impact of the Mid-Atlantic Bight’s coastal ocean on the Hurricane Irene intensity forecast.
Index Terms—Hurricane Forecasting, U.S. IOOS, Underwater Gliders, HF Radar, Air-Sea Interaction, Coastal Processes. 
I. Introduction

The Mid-Atlantic Regional Association Coastal Ocean Observing System (MARACOOS), one of eleven Regional Associations comprising the regional component of the U.S. Integrated Ocean Observing System (IOOS), operates a Regional-Scale Coastal Ocean Observatory that includes coastal weather mesonets, satellite data ground stations, a 1000 km long High Frequency (HF) Radar network (Roarty et al., 2010), and a distributed fleet of autonomous underwater gliders (Schofield et al., 2010).  The Regional-Scale Coastal Ocean Observatory was fully operating when Hurricane Irene (Fig. 1) tracked along the U.S. East Coast over Labor Day weekend in 2011 (Glenn et al, 2011). Irene was the first hurricane to threaten New York City since Gloria in 1985.  Intense rain from Irene broke flooding records on 26 rivers, causing at least 56 deaths and $8 billion in property damage. Power outages along the flood path lasted from days to weeks.
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Fig. 1.  Hurricane Irene in the South Atlantic Bight and forecast track as it approaches the Mid-Atlantic Regional HF Radar network.
Forecasts of Hurricane Irene’s track (Fig. 1) derived by the National Hurricane Center (NHC) from the ensemble of forecast models were highly accurate. Surprisingly, much less damage than expected was caused by the hurricane winds, waves and storm surge along the beach.  One reason for this was the consistent overestimate of Irene’s intensity by the ensemble of atmospheric forecast models (Fig. 2).  This led to numerous newspaper articles and television reports publicly reaffirming that “Intensity remains a big gap in storm science”.
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Fig. 2.  Maximum sustained wind forecast (green) and best track reanalysis (black) showing the forecast overestimate of Irene’s intensity.

In this paper, we discuss selected highlights of real-time ocean data acquired by the MARACOOS regional-scale network during Irene.  Through a series of atmospheric model sensitivity studies, the potential impact of real-time ocean data on hurricane intensity forecasts in the Mid-Atlantic is demonstrated.

II. HF Radar Observations

The MARACOOS HF Radar network captured the shelf-wide surface current response to the intense hurricane forcing at the spatial scale of the storm. The direct wind forcing includes a rapid shift from intense onshore, to alongshore, and finally to offshore currents over the time scale of a day (Fig 3). As the eye of Hurricane Irene enters the Mid Atlantic Bight (MAB) on August 27 at 17:00 GMT, strong winds from offshore that precede the eye are forcing onshore currents and increasing the storm surge over much of the southern MAB (Fig 3a). Fifteen hours later on August 28 at 8:00 GMT, the eye of Hurricane Irene is offshore Delaware Bay, and the outer edge on the northeast side is reaching Cape Cod.  Currents in the northern portion of the MAB are onshore, currents in the middle are alongshore, and currents in the southern portion have switched to offshore.  By 14:00 GMT on August 28, the eye of Irene passes over New York City and the storm heads inland.  Surface currents directly east of the eye are now onshore, and surface currents on the trailing side of the storm in the southern MAB are now diminishing and are beginning to turn in inertial circles.

[image: image3.emf]
Fig. 3.  Surface current response due to Hurricane Irene winds as (a) the eye enters the MAB near Cape Hatteras, (b) the eye crosses Delaware Bay, and (c) as the eye crosses over New York City and heads inland.

Observations of the lingering inertial current response to hurricanes are numerous in deepwater.  Kohut et al. (200?) found the inertial response to Tropical Storm Floyd was quickly diminished in very shallow water as the stratification was eroded. The MAB HF Radar network provides the first look at the inertial tail of a hurricane over the full scale of the MAB shelf over a range of water depths and stratification. Starting with a single point at midshelf where an autonomous underwater glider was located (see Section III), a time series of the observed total currents along with the inertial component of the current derived from a least-squares fit to the current data is plotted for a 1 week period starting on August 26 before Hurricane Irene entered the MAB (Fig. 4).  The peak in the direct wind forcing occurs on the scale of 1 day on August 28 (Fig. 4, top).  The amplitude of the inertial component of the current (Fig. 4, bottom) increases until it peaks on August 29 as the back side of the storm crosses onto land in New England and New York.  The inertial amplitude remains high for much of the day on August 29, then slowly decays at a linear rate over several days from August 29 through September 1.
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Fig. 4.  Time series of total current (blue) and near-inertial current (red) calculated for a point on the outer shelf of NJ.

Spatial maps of the energy content in the diurnal and near-inertial frequency bands derived from a wavelet analysis of the surface currents are shown in Fig. 5. As the eye of Hurricane Irene moves into southern New England (Fig. 5a), the large amount of energy in both the diurnal and near-inertial frequency bands on the outer half of the shelf in the central MAB is visible. Two days later (Fig. 5b), the energy level in the diurnal band is reduced over the full MAB, while the energy in the near-inertial band persists. 
[image: image5.emf]
Fig. 5.  Spatial maps of the diurnal (left) and near-inertial energy (right) as (a) the eye passes over NJ, and (b) 2 days later.

III. Glider Observations

Two autonomous underwater gliders were operating in the MAB when Hurricane Irene transited the region (Fig. 6). RU23 was deployed on a regional MARACOOS mission by UMass Dartmouth to map the subsurface temperature and salinity structure of the MAB during the decay phase of the Cold Pool to support ocean modeling activities for fisheries applications.  RU23 was damaged early in the storm and was purposely kept at the surface through the storm to prevent its loss. Its track as a surface drifter illustrates the combination of the initial direct and persistent inertial forcing. RU23 was recovered after the storm by a sport-fishing vessel before it entered the shipping lanes as a drifter. RU16 was deployed on a New Jersey state mission to monitor dissolved oxygen concentrations for the Environmental Protection Agency. As Irene approached, RU16 was moved offshore to a mid-shelf point where it rode out the storm. This glider provides information on the magnitude and timing of the subsurface mixing that occurred during Irene.
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Fig. 6.  Tracks for Gliders RU23 (deployed from Martha’s Vineyard by UMass) and RU16 (deployed from New York Harbor by Rutgers).

The vertical sections of temperature, salinity and dissolved oxygen from the full RU16 EPA deployment are shown in Fig. 7. Initially in the deployment, as RU16 zig-zags along the New Jersey coast, the T,S and DO profiles illustrate the two distinct surface and bottom layers with the sharp interface typical of the New Jersey shelf in summertime. The surface layer is warmed by the sun, freshened by the riverine outflows from the MAB watersheds, and is oxygenated through its atmospheric interface.  The bottom layer is known as the Cold Pool.  It is what remains of the cold and salty winter water slowly flowing to the south along the shelf.  Isolated from the surface waters by an intense pycnocline that inhibits mixing, dissolved oxygen values in the lower layer often plummet to values that can stress or even kill benthic organisms. 
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Fig. 7.  Temperature, Salinity and Dissolved Oxygen sections from the full deployment of RU16.

Fig. 7 further illustrates the significant impact of Irene on the T, S and DO structure as it passes over the glider on August 28.  The response is rapid. The interface between the two layers deepens and the surface layer gets cooler and saltier while the dissolved oxygen level decreases. Oxygen levels in the upper layer quickly recover after the storm, but the surface layer temperature never returns to its summertime pre-storm values. Zooming into the storm mixing period in the temperature section (Fig. 8), the transition from pre-storm to post-storm conditions occurs during the short time period between 00:00 GMT and 14:00 GMT as the eye of Irene passes the glider on August 28.
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Fig. 8.  Detailed plot of the temperature section showing the rapid mixing and cooling of the surface layer that occurred during Irene.

IV. Satellite Observations

Atmospheric forecasts over oceanic domains require a boundary condition for sea surface temperature. Numerous sea surface temperature products from a variety of sources are available for this purpose.  The major difference between the products is how the cold pixels contaminated by clouds are removed and the resulting data gaps filled.  Most commonly used methods include warmest pixel composites that combine multiple images in time, or by interpolating in space across pixels flagged as clouds.

V. The existing product used to forecast Hurricane Irene’s transit through the region is the Real-Time Global High Resolution Sea Surface Temperature product shown (Fig. 9a). For this product, the mixing that occurs during Hurricane Irene is not picked up by this product for several days after Irene left the region.

[image: image9.emf]
Fig. 9.  Sea surface temperature maps (a) used in real time weather forecasts and (b) observed immediately after the clouds cleared from Irene.

To explore the impact of surface cooling during Irene, a new satellite SST product was produced that does not rely on warmest pixel compositing to remove clouds.  Instead, daytime images of sea surface temperature where checked for their reflectivity in the visible part of the spectrum. High reflectivity pixels were flagged as clouds, and cooler pixels with low reflectivity were considered ocean pixels cooled by the storm.  Retaining these cold but dark pixels observed after the storm produces the image in Fig. 9b.  Significant cooling of order 5C-8C is observed on the MAB shelf, with the greatest cooling occurring in the middle of the shelf above the core of the Cold Pool.

VI. Atmospheric Forecast Sensitivities

The Rutgers University implementation of the Weather Research and Forecast (WRF) atmospheric model was used in a series of sensitivity studies to examine the impact of the cooler sea surface temperatures on the Hurricane Irene forecasts.  Two endpoints of the sensitivity matrix are illustrated in Fig. 10 where the windfields are plotted at 18:00 GMT after the eye has propagated onto land. In all cases, the track of Hurricane Irene was reproduce, but the intensity of the forecast winds varied. The wind forecast on the left is the run with the standard sea surface temperature product that was available to the real-time forecast models (Fig. 9a). Maximum winds are located over the ocean and are in the 45-55 knot range. The wind forecast on the right is for the same time period but using the cooler sea surface temperature map of Fig. 9b assembled after the event.  When this cooler sea surface temperature is used as a boundary condition, the forecast overwater winds are reduced to the 35-45 knot range.

[image: image10.emf]
Fig. 10.   Wind forecast from RU-WRF (a) using the warm sea surface temperature in figure 9a, and (b) applying the cold sea surface temperature in figure 9b at the time of the mixing observed by glider RU16.

The following table compares the Root Mean Square Error of the National Hurricane Center’s best track estimates of Irene’s intensity with their real time forecast, two runs of the RU-WRF model run with the warm SST from Fig. 9a, and one run of the RU-WRF model with the cold SST from Fig. 9b. The RSME of the RU-WRF model run using the warm sea surface temperature is similar to the RMSE of the real-time NHC forecast.  The difference between the regular WRF model run and the “Hurricane WRF” with the attached Ocean Mixed Layer model is negligible. The WRF model run with the cold SST reduces the RMSE by a factor of 2-3. 

TABLE I.  Maximum Wind Speed Forecast Error (knots) 

[image: image11.emf]
VII. Conclusions

    Sensitivity studies of Hurricane Irene were conducted using the ensemble of MARACOOS atmospheric forecast models. The impact of a variety of Sea Surface Temperature (SST) boundary conditions were studied, ranging from persistence of the warm pre-storm SST to applying the cold post-storm SST at the time mixing was observed by the autonomous underwater gliders. The resulting timing and track are consistent with the real-time forecast ensemble. The composite SST developed using the observed variation in sea surface temperature was found to reduce the intensity of the storm, in some cases by 15 knots, bringing the hindcasts in line with offshore buoy and onshore mesonet observations. 

     The sensitivity matrix results indicate the potential importance of a coupled atmosphere-ocean model to hurricane intensity forecasting in the Mid Atlantic Bight.  The coupled model will be required to produce realistic forecasts of sea surface temperature fields during intense mixing events before the clouds clear after the storm. This will require improved understanding of subsurface mixing processes during intense coastal storms, and sufficient subsurface data from autonomous gliders for assimilation into the ocean model to provide the proper initial state.
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