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Over the past two decades, the mean absolute error of the 
official tropical cyclone (TC) intensity forecasts from the  
NHC and the Joint Typhoon Warning Center (JTWC) has 
shown statistically significant improvements, contrary to 
the consensus of past literature (DeMaria et. al 2014, see 
Fig 1). Section 104 of the Weather Research and
Forecasting Innovation Act of 2017 states that the NWS 
and NOAA must improve the prediction of rapid 
intensification and track of hurricanes, the forecasting of 
storm surges, and risk communication to create more 
effective watch and warning systems (Lucas 2017). 
ECMWF’s fifth generation atmospheric reanalysis product 
(ERA5) presents an opportunity to reevaluate this model’s 
predictors, to understand the global variability of tropical 
cyclone environmental conditions, and to contribute to the 
aforementioned objectives. This reanalysis product 
provides an improved numerical description of recent 
climatic events by combining several models with 
observations. ERA5 and SHIPS model data simulations 
will be analyzed to quantify how well they represent a TC’s 
structure, dynamics, and life cycle. The interactions 
between various environmental parameters will also be 
studied to establish possible Granger causality between 
these parameters and the model’s output. 

Tropical Cyclone Genesis & Intensification
Tropical cyclone genesis & intensification is heavily dependent on an environment conducive for 
maintaining deep tropical convection. Gray (1968) showed that favorable environments consist of:
• Sufficient ocean thermal energy (SST > 26oC within top 60 m)
• Enhanced mid-troposphere (700 hPa) relative humidity
• Conditional instability
• Enhanced lower troposphere relative vorticity
• Weak vertical shear of horizontal winds at genesis site
• Displacement by at least 5o latitude from equator

(a) Finding “Best” Storm Centers for Analysis
• Using correct storm center is important for accurately calculating & 

evaluating storm environmental parameters and accessing the 
inner-core structure

• Compared multiple center types to determine which storm center
represents what is resolved in ERA5 product

• Finding best track center: center provided by operational forecast 
centers, provides best location for weak (<34 kt) systems, does not
match reanalysis for intense storms

• Sub-grid minimum pressure: calculated using simplex algorithm, 
fails for weak systems, correctly captures center for strong systems

(b) ERA5 Evaluation
• ERA5 reanalysis product uses the Integrated Forecasting System 

(IFS Cycle 41r2; see Table 1)
• For analyses, converted earth-relative to storm-relative coordinates 

using bilinear interpolation
• Calculated following environmental parameters (Fig. 12)
• Applied area-averaging techniques to build vertical/horizontal 

profiles to test representation of parameters at different radii
• Case studies: AL122005 (Katrina), AL142018 (Michael), 

EP102018 (Hector), EP142018 (Lane), EP202015 (Patricia) 

• ERA5 product output performs better with larger, more organized storms and captures large-
scale environmental parameters

• Improved large-scale environmental representation of organization, dynamics, and structure
• Significance of parameters (esp. moisture, entropy deficit, ventilation index) depends on 

radius on evaluation
• Limitation to Granger causality approach:

• Can’t identify connections between chosen environmental parameters 
• Possibility of confound variables – a hidden additional process that drives both modeled 

variables used in the comparison rather than the variables driving each other
• Future work:

• Identify/incorporate more possible confounding variables at different radii ranges
• Increase k from 4 (24 hr lagged regression) to 8 (48 hr lagged regression)
• Explore importance of moisture through mid-level atmospheric modelling applications

Fig 1: Time series of NHC’s operational mean absolute 
intensity errors (kt.) for Atlantic TC intensity forecasts at 24, 48, 
72, 96, and 120 hrs with linear trends indicated by dashed 
lines (National Hurricane Center 2019). 
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Table 1: The main characteristics & 
innovations of the ERA5 reanalysis product, 
replacing the ERA5-Interim product 
(Hersbach and Dee 2016).
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Eq 2: Logistic Growth Equation Model
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• Research Question: Which environmental parameters are statistically significant in 
improving TC intensity forecasting?

• Identify and/or calculate chosen potential environmental predictors (Fig. xx)
• Center all storms for all ocean basins between 2005-2018 using simplex method
• Apply Granger causality to individual predictors & evaluate performance of model:

• Multiple linear lagged regression analysis of lagged predictors(Eq. xx)
• Autoregression of 1) intensity & 2) 24 hr intensity change
• Calculate residual of autoregressed variable & environmental parameter:

o resultant = intensity or 24 hr intensity change – environmental parameter
• Perform two-tailed t test with 99% confidence: determines significance of regression 

coefficients

Fig 8: Area-averaged internal profile of Hurricane Katrina (AL122005) with temperature contours and 
temperature anomalies showing warm-core structure.

Fig 9: Scatterplot of all wind speeds between 2005-2018 for all oceanic basins (AL, EP, 
WP, IO, SH) at various pressure levels. It is clear that the 10 m wind speeds are being 
reduced more than 80%, the default flight-level height adjustment used by the NHC.

Fig. 2: Line graph showing the increase in annual frequency of
billion-dollar high impact disaster events (NOAA 2019).

𝐚 𝐑 𝐭 = 𝐜𝟎 + 𝐜𝟏 ∗ 𝐑 𝐭 − 𝟏 + 𝐜𝟐 ∗ 𝐑 𝐭 − 𝟐 + . . . + 𝐜𝐤 ∗ 𝐑(𝐭 − 𝐤)

𝐛 𝐑 𝐭 = 𝐚𝟎 + 𝐚𝟏 ∗ 𝐑 𝐭 − 𝟏 + . . . + 𝐚𝐤 ∗ 𝐑 𝐭 − 𝐤 + 𝒃𝟏 ∗ 𝑫 𝒕 − 𝟏 + . . . + 𝒃𝒌 ∗ 𝑫(𝒕 − 𝒌)

Operational Intensity Forecast Guidance
NHC’s intensity guidance mainly comes from the Statistical 
Hurricane Intensity Prediction Scheme (SHIPS) and Logistic 
Growth Equation Model (LGEM) models that leverage 
environmental predictors from geostationary satellites and 
numerical weather prediction models.

SHIPS
• Historically been one of the most skillful intensity models 

(DeMaria et. al 2005)
• Utilize little information about the storm inner-core itself
• Leverages a large number of input parameters
• Multiple linear regression (Eq. 1)

LGEM
• Simplified logistic equation model (Eq. 2; DeMaria 2009)
• Reduced number of predictors
• Heavily relies on maximum potential intensity (MPI)
• Developmental version more accurately than SHIPS

𝒙𝟏 = 𝒘𝟏
𝒙𝒋@𝟏 = 𝒓𝒙𝒋 + (𝟏 − 𝒓𝟐)𝟏/𝟐𝒘𝒋@𝟏, 𝒋 ≥ 𝟏

Eq 5: red noise frequency xj derived from white noise wj

𝐝𝐕
𝐝𝐭

= 𝐚𝐏
Eq 1: Generalized Linear Regression

(a) Comparison of Simplex & Best Track Methods

Fig 4: Polar plot 
snapshot for each data 
file for AL122005 
(Katrina) during 
18:00:00 UTC, best 
track (left) and simplex 
(right). Each plot 
contains filled surface 
pressure contours (mb) 
with overlying Earth-
and storm-relative wind 
contours (m/s) from the 
storm center out to a 
radius of 300 km.

Fig 7: Scatterplot 
demonstrating the 
differences between 
white and red noises 
whereby the later is 
calculated using Eq. 
xx. White noise is 
random and red is 
more focused and 
trails off the farther 
one gets from the 
actual event.

Fig 6: Difference in 10 m 
wind speed magnitudes 
between best track and 
simplex methods (kt) plotted 
against intensity (kt). As 
storm intensity increases, the 
difference in wind speed 
magnitude generally 
decreases.

Fig 5: Snapshot of the 
differences in minimum 
surface pressure 
between the two data 
files of AL122005 
(Katrina) at the storm’s 
peak intensity: 2005-
08-29 18:00:00 UTC. 
This plot shows the 
best track’s center 
being displaced 
approximately 50-60 
km south relative to 
that of the simplex’s 
center.

(b) ERA5 Evaluation

Fig 11: Mid-level (500-700 
mb) relative humidity and 
total precipitable water 
(mm) polar plots of 
AL122005 (Katrina) & 
EP202015 (Patricia) at 
their respective peak 
intensities with overlying 
vertical 200-850 mb shear 
magnitude contours

Fig 13: (Right) Comparison of ventilation indices for 
strengthening and weakening cases using deep-layer 
shear (200-850 mb) vs. generalized shear. The stages 
of intensification are classified as having a 24 hr 
intensity change >= 30 kt. The x axis is plotted using a 
logarithmic (base 10 exponent) scale against the 
relative frequency of occurrence. It is clear that there 
are no significant differences between the magnitudes 
of the ventilation indices between the two stages of 
intensification at larger radii ranges.

Fig 10: Comparison of 
minimum surface 
pressure polar plots of 
AL122005 (Katrina) & 
EP202015 (Patricia) with 
overlying 34, 50, and 64 
kt 10 m wind contours 
and 10 m wind speed 
vectors

𝒕 =
𝒓 𝑵 − 𝟐
𝟏 − 𝒓𝟐

Eq. 3: t-statistic

Fig 14: (Left) Scatterplot demonstrating the differences 
between white and red noise whereby the later is 
calculated using Eq. 5. White noise is random and red is 
more focused and trails off the farther one gets from the 
actual event.

Fig 15: (Right) Regression coefficients from linear
regression analysis showing red noise, particularly 
with minimum surface pressure, SST, and PI have 
the largest coefficients of all the parameters 
farther from initial time, t.

Environmental Predictors
Minimum surface pressure
200-850 mb vertical shear

Generalized shear
Mid-level (700-500 mb) Relative Humidity

200 mb Divergence
850 mb Vorticity

Maximum Potential Intensity
Sea-surface temperature

Entropy Deficit: 0-300 & 0-800 km radii
Ventilation Index: 0-300 & 0-800 km using deep & gen. shear

Eq. 4: (a) Lagged autoregression of predictand R, (b) Multiple linear regression including the information about 
the predictand R and predictor, D. t and a, b represent time and the response/driver coefficients, respectively.

Fig. 12: Environmental parameters used in analysis

Fig 3: (Above) Time series plots of various environmental 
parameters for AL062018 (Florence) showing their overall 
impact of intensity during this life cycle.


