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ABSTRACT

The predictability of selected variables associated with tropical cyclogenesis is examined using 10-day

ECMWF ensemble forecasts for 21 events from the 2010 Atlantic hurricane season. Variables are associated

with the strength of the pregenesis disturbance, quantified via circulation and thickness anomaly, and the

favorability of the immediate environment via moisture and vertical wind shear.

For approximately half of the cases, the predicted strength of the genesis signal is directly related to the

predicted favorability of the environment. For the remainder of the cases, predictability is more directly

associated with the strength and location of the analyzed disturbance. Some commonalities among the ma-

jority of the sample are also observed. Forecast joint distributions demonstrate that 700-hPa relative humidity

of less than 60% within 300 km of the circulation center is a limiting factor for genesis. Genesis is also pre-

dicted and found to occur in the presence of significant wind shear (;15m s21), but almost exclusively when

the core and environment of the wave are both very moist.

The ensemble also demonstrates the potential to predict error standard deviation of variables averaged

within 300- and 1000-km radii about individual tropical waves. Forecasts with greater ensemble standard

deviation tend to be, on average, associated with greater mean error, especially for forecasts of less than 7

days. However, model biases, particularly a dry core and weak circulation bias, become pronounced at longer

lead times.Overall, these results demonstrate that both the environmental conditions favorable to genesis and

the genesis events themselves may be predictable to a week or more.

1. Introduction

Tropical cyclone formation (hereafter referred to as

‘‘genesis’’) depends upon both the favorability of the

large-scale environment and the cooperation of smaller-

scale processes. During each season, there are active

periods that produce multiple tropical cyclones, while

other periods are inactive. In parallel, the predictability

of genesis is expected to depend on the predictability

of relevant processes on all scales. To investigate this,

Komaromi and Majumdar (2014, hereafter Part I),

quantified the predictability and predictive skill of at-

mospheric variables over a large fixed area spanning the

Atlantic basin, using the Ensemble Prediction System

from the European Centre for Medium-RangeWeather

Forecasts (ECMWF). The variables included those used

to identify tropical waves and cyclones (e.g., lower-

tropospheric circulation and local thickness anomaly),

and environmental variables (e.g., vertical wind shear

and relative humidity). Several metrics were explored,

including growth and saturation of error, predicted

forecast error standard deviation, and predictive power.

In Part I, the variables that were more directly related to

large-scale phenomena were found to possess a longer

time range of predictability than those related to small-

scale processes. Additionally, daily and monthly varia-

tions in predictability were evident, and were dependent

on the flow regime. The potential for the ensemble to

predict the standard deviation of the variables in 108 3
108 boxes across the basin was demonstrated.While these
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results conveyed the predictability concepts on a basin-

wide scale, the predictability of genesis itself needs to be

assessed locally with respect to the wave that develops

into the cyclone. In this paper (Part II), we narrow the

focus to explore predictability in a moving frame of ref-

erence centered on the developing wave.

A few studies that investigate the predictability asso-

ciated with individual tropical disturbances prior to gen-

esis have been published. First, Sippel and Zhang (2008)

used a mesoscale ensemble to investigate the pre-

dictability of a nondeveloping tropical wave. They found

that the genesis in some ensemblemembers was sensitive

to the availability of high CAPE and sufficient deep-layer

moisture. Based on this result, they suggested that genesis

requires sustained convection in the presence of a suffi-

ciently moist environment, which limits the detrimental

effects of dry downdrafts. A similar study by Sippel et al.

(2011) found the genesis of Tropical StormDebby (2006)

to be sensitive to nearby dry air associatedwith a Saharan

air layer (SAL) outbreak, with the strongest vortex in the

moistest members. Quite notably, the sensitivity to the

dry environment depended considerably on cyclone

strength, and it became insignificant once a tropical storm

formed. Sensitivity to secondary detrimental effects, in-

cluding warm temperatures within the SAL and shear

associated with the African easterly jet, was also ob-

served. More recently, the problem has been investigated

using data from the National Science Foundation’s

Pre-Depression Investigation of Cloud-Systems in the

Tropics (PREDICT) field campaign in 2010 (Montgomery

et al. 2012). Observational studies found genesis to be as-

sociatedwith greatermidlevelmoisture but not necessarily

associated with greater CAPE (Smith and Montgomery

2012; Komaromi 2013).

As already alluded to, predictability of tropical cy-

clone formation is often limited by uncertainty in the

initial conditions. A number of studies have examined

the sensitivity to perturbed initial conditions in the vi-

cinity of the tropical cyclone and/or pregenesis distur-

bance by using an ensemble Kalman filter (EnKF),

singular vectors (SVs), or ensemble-based or adjoint-

based sensitivity. Most of these singular vector studies

tend to focus more on perturbation magnitude and

growth in the wind field in a box surrounding the TC,

and this tends to be dominated by errors in track.

However, a few studies that focus on formation do exist.

Using an EnKF ensemble, Torn and Cook (2013) found

that the initial-condition sensitivity of two developing

tropical cyclones differed considerably. For the genesis

of Danielle (2010), the magnitude of the circulation was

found to be most sensitive to the strength of the upper-

level divergence and the vertical wind shear. For Karl

(2010), the circulation was found to be most sensitive to

the strength of the initial vortex. Again using mesoscale

ensembles and an EnKF, Poterjoy and Zhang (2014)

found that the assimilation of PREDICT dropwind-

sonde data increased the strength of the low- tomidlevel

circulation, moistened the column, and decreased posi-

tion errors of the initial vortex that developed into Karl

(2010). Last, an adjoint sensitivity study by Doyle et al.

(2012) found TC intensity to be very sensitive to per-

turbations in the moisture and temperature fields, with

the most efficient intensification occurring when moist-

ening occurs in the lower and middle levels and when

heating occurs in banded regions of maximum relative

vorticity in the initial state. Optimal adjoint perturbations

exhibited rapid growth for the developing TC and only

modest growth for the nondeveloping system. These

studies all suggest that uncertainty on themesoscale limits

the predictability of genesis. Last, the ability of deter-

ministic globalmodels to predict genesis was examined by

Halperin et al. (2013), and a probabilistic verification of

genesis in global andmesoscale ensembles was conducted

by Majumdar and Torn (2014). Both these studies dem-

onstrated some promise in genesis prediction and identi-

fied some deficiencies in the models.

In this study, we use the same 10-day ECMWF en-

semble predictions employed in Part I for a sample of 21

genesis cases in the Atlantic basin in 2010 to ask the

following questions in the wave-relative framework.

(i) From storm to storm, how does the nature of the pre-

dictability of relevant variables valid at the genesis time

evolve with forecast time, and are the results consistent

across the cases? (ii) Over the season, are forecasts of

pairs of relevant variables and their errors correlated?

(iii) Is the ensemble capable of predicting forecast error

variance, and does it compare favorably with the results

in the large-scale framework of Part I? The questions

are addressed in the context of the main local fields

relevant to genesis (e.g., relative humidity, wind shear),

and their effects on quantities that characterize the

strength (e.g., circulation). The methodology and met-

rics used are described in section 2, followed by four

individual case examples in section 3 to address question

(i). In section 4, joint forecast distributions accumulated

over the season are presented to address question (ii),

and question (iii) on variance prediction is examined in

section 5. Conclusions follow in section 6.

2. Methodology

a. ECMWF ensemble and cases

As in Part I, analyses and 10-day forecasts from

the operational 50-member ECMWF Ensemble Pre-

diction System at T639L62 resolution, interpolated onto
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a horizontal grid with 0.258 spacing are used. The en-

semble data, produced at 0000 and 1200 UTC each day,

were provided via the THORPEX Interactive Grand

Global Ensemble (TIGGE) database (Bougeault et al.

2010, http://tigge.ecmwf.int/). Further details of the en-

semble construction are given in Part I. The time of

genesis is defined as the first declaration of a tropical

depression or tropical storm in the National Hurricane

Center (NHC) best track. Genesis events that occur

between ECMWF analysis times are assigned to the

next available ECMWF analysis.

A total of 21 tropical cyclones formed in the Atlantic

basin during 2010. Of these, 15 were related to African

easterly waves, either developing directly from African

easterly waves (e.g., Danielle, Earl, Fiona, Igor, and Julia)

or from a wave that was interacting with another system

such as a low pressure area (e.g., Bonnie and Karl).

b. Variables in wave-relative framework

As in Part I, the following variables are used for each

ensemble member:

(i) relative vorticity: 850hPa;

(ii) vertical shear of horizontal wind: 850–200 and 850–

500 hPa;

(iii) divergence: 200 and 850 hPa;

(iv) relative humidity (RH): 700hPa;

(v) circulation: average 850–700-hPa relative vorticity

within 200 km of each grid point; and

(vi) thickness anomaly, defined by

DZ5Zr5100 km 2Zr51000 km . (1)

The mean of each of the aforementioned variables is

then computed over a 0–300-km radius ‘‘core’’ and

a 300–1000-km radius ‘‘environment’’ about the center

of the tropical wave in each ensemble member at each

lead time. In contrast to Part I, velocity potential is not

computed here. This is because variations in velocity

potential tend to occur on larger scales than individual

tropical waves, and it is therefore more appropriate for

large-scale diagnostics.

The procedure for determining the center of the

tropical wave is as follows. First, circulation is calculated

at each grid point using a 200-km radius in each en-

semble member at all lead times. This radius was chosen

for consistency with Komaromi and Majumdar (2014)

and Majumdar and Torn (2014). Since ensemble fore-

casts may have a significant position bias, particularly at

large lead times, the location of the tropical wave in the

model is chosen to be the location of the greatest

ensemble-mean circulation (e.g., black star in Fig. 1)

within a 1000-km radius (red circle) of the verifying

genesis location (black diamond). Centers of circulation

are then determined from each individual ensemble

member as the location of maximum circulation within

1000km of the maximum ensemble mean circulation

(Fig. 1a). All locations of the maximum thickness

anomaly within 1000km of the center of the maximum

ensemble mean circulation are also located (Fig. 1b).

The working center is then taken to be an average of the

positions determined via the circulation and thickness

anomaly. The two respective centers in each ensemble

member are found to differ rarely (;1% of the time) by

more than 100 km.

FIG. 1. Depiction of the search algorithm, with (a) circulation contours and (b) thickness anomaly contours. Centers of maximum

circulation and local maxima in thickness anomaly are found within 1000-km radius (red circle) of the maximum ensemble mean

circulation (black star). The maximum ensemble mean circulation is allowed to vary up to 1000 km from the verifying point of genesis

(black diamond).
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Although the circulation in the ECMWF analysis at the

onset of genesis differs from case to case, values exceeding

93 1025 s21 normally correspond to cases inwhich genesis

has occurred [assuming a sufficient warm core and mini-

mumsea level pressure, seeMajumdar andTorn (2014) for

details]. In Fig. 1 and in section 3a, the ensemble mem-

bers with values of circulation exceeding this value are

color coded inmagenta. Lower circulation values between

6–9 3 1025 and 3–6 3 1025 s21 and ,3 3 1025 s21 are

color coded in green, blue, and black, respectively.

c. Joint distributions

Two-dimensional (and occasionally three dimen-

sional) joint distributions over the full sample of cases

are examined to determine the relationship, if any, be-

tween the variables and their errors over all ensemble

forecasts leading up to the genesis time. These joint

distributions are normalized by the number of entries in

each column to account for the unequal distribution of

samples within a larger array of possible environments.

Because of this normalization, the integral of each col-

umn is equal to 1. Thus, they are similar to, but not

equivalent to, marginal distributions, in which the entire

joint distribution is normalized by the total number of

points in all rows and columns and, therefore, the in-

tegral over the entire distribution is equal to 1. In section

4, joint distributions between variables, joint distribu-

tions of errors in these variables, and lagged joint dis-

tributions are all presented. Joint distributions of error

are a simple way of examining the relationship between

the forecast errors of one variable with the forecast er-

rors of another, and are expected to depict the same

physical relationships as seen in the variables them-

selves. Last, lagged joint distributions relate the values

of one variable ‘‘A’’ 24 and 48h before genesis with the

value of another variable ‘‘B’’ at the time of genesis. By

computing lagged A versus B and comparing it to A

versus lagged B, it is often possible to separate the effect

of A on B versus B on A.

d. Variance prediction

Ensemble forecasts offer additional information over

a single deterministic forecast by offering a forecast

distribution or PDF. The most basic higher moment is

the ensemble variance, which serves as a prediction of

the forecast error variance s2
M21:

s2
M21(t)5

1

M2 1
�
M

i51

[x
f
i (t)2 xf (t)]2 , (2)

where M is the total number of ensemble members (50

members plus 1 control run here), and xf (t) is the

ensemble mean forecast of x at time t. There has been

considerable debate about how to evaluate the re-

liability of ensemble predictions via their statistical

consistency versus actual errors. The ensemble needs to

be able to discriminate between different error distri-

butions, with forecasts of higher error corresponding to

larger error spread in the ensemble predictions. If the

ensemble is well constructed, then the variance of so-

lutions in individual ensemble members should reflect

the actual uncertainty in the forecast (Wang and Bishop

2003). In other words, a PDF of predicted forecast errors

should closely resemble the PDF of actual forecast er-

rors (DelSole 2004). To quantify this, one approach is to

determine whether a relationship exists between the

predicted error variance [Eq. (2), or the standard de-

viation, which is its square root] and the corresponding

variance (or standard deviation) of actual errors in the

ensemble mean, given by

1

B2 1
�
B

b51

[x
f
b(t)2 xab(t)]

2 (3)

for the bth forecast in variance bin of size B. This is

accomplished by first plotting the distribution of forecast

errors of the ensemble mean versus their corresponding

predictions of the standard deviation of the ensemble

mean, for each forecast case. Then, by averaging the

data points in equally sized bins of increasing predicted

forecast error variance, the standard deviation of the

actual errors is computed for each bin, analogous to

Majumdar et al. (2001). Ideally, a linear, increasing re-

lationship of slope 1 between the predicted and actual

error standard deviation is found.

The ability of the ensemble forecasts to predict un-

certainty is evaluated in section 5, using the same

methodology as Part I, though for a disk of radius

300 km (core) and an annulus of radius 300–1000km

(environment) centered on the tropical wave. Following

Grimit and Mass (2007), we plot the root-mean-square

(RMS) error of the ensemble mean relative to the ver-

ifying control analysis, retaining the sign of the errors,

versus the standard deviation of the ensemble forecast.

In this way, the distribution of forecast errors, including

any biases and departures from Gaussianity, are illus-

trated, while retaining the ability to formally evaluate

the relationship between the predicted and actual error

range. While the traditional approach is to examine er-

ror growth from a fixed initialization time out to some

time at which error is maximized, this study will instead

fix the verification time and allow initializations

and subsequent forecasts verifying at this time to

vary. Therefore, time of initialization will flow chrono-

logically from left to right, while forecast time and
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subsequent error will increase from right to left. The

data points plotted are for all 21 genesis cases.

Last, the predictive power (Schneider and Griffies

1999) that was utilized in Part I is not used in the wave-

relative framework. This is because it is difficult to

define a climatological error covariance matrix that is

directly comparable to the ensemble forecast error co-

variance matrix. A 10-day forecast error covariance

matrix might include everything ranging from dissipa-

tion in the weakest ensemble members to a borderline

hurricane in the strongest ensemble members. In com-

parison, a climatological error covariance that only in-

cludes verifying genesis events would have too narrow

a distribution of potential outcomes, and, therefore, too

low an error covariance. Alternatively, a climatological

error covariance that includes all waves and TCs has too

broad a distribution. Ultimately, the results proved to be

too sensitive to the subjective nature of defining these

upper and lower cutoff thresholds from which the cli-

matological distribution is calculated.

3. Ensemble predictions for individual cases

a. Earl

The first genesis event examined is Earl (2010), in

which the relationship between the favorability of the

forecast environment and the forecast strength of cir-

culation valid at the time of genesis is fairly straight-

forward. Even at 240h, many ensemble members valid

at the time of genesis show a circulation of at least

moderate strength (6 3 1025 s21) within the verifying

genesis region (Fig. 2a). With the exception of an oc-

casional drop-off in strength of circulation that occurs at

FIG. 2. Ensemble forecast distributions as a function of lead time (h, x axis) valid at the time of genesis (1200 UTC 25 Aug 2010) for

Hurricane Earl, with (a) circulation (s21), (b) core RH (%) at 700 hPa, (c) environmental 850–200-hPa wind shear (m s21), and (d) envi-

ronmental RH (%) at 700 hPa. Each dot represents a different ensemble member with forecast circulation values of,33 1025 s21 (black),

$3 3 1025 s21 (blue), $6 3 1025 s21 (green), and $9 3 1025 s21 (magenta). The ensemble mean forecast is also shown (black line).
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120 h, the strength of the ensemble-mean circulation

(solid black line) increases steadily from long-range

forecasts to short-range forecasts, through to genesis at

t5 0h. However, at 120 h, the verification (the ensemble

mean at t 5 0 h) falls outside the entire ensemble, sug-

gesting an inability of the ensemble at this time to cap-

ture the appropriate circulation. As expected, the

number of ensemble members indicating very weak

(black), weak (blue), or moderate (green) circulations

decreases while the number of members indicating

a stronger (magenta) circulation increases as the initial

time approaches the genesis time. With a verification of

1.273 1024 s21 at t5 0 h in the ensemblemean, Earl was

associated with a particularly strong circulation at the

time of genesis, likely due at least in part to the large size

of the tropical wave from which it formed.

The next step is to examine the evolution of the forecasts

of environmental wind shear, coreRH, and environmental

RH, with the ensemble members color coded by strength

of circulation.While there is good agreement very early on

among ensemble members that 850–200-hPa environ-

mental wind shear will be low (,10ms21) and 700-hPa

core RHwill be high, a few outliers predicting a high shear

environment or dry core do exist more than 96h before

genesis (Figs. 2b,c). Also note in Fig. 2c that at any par-

ticular forecast lead time, the ensemble members that

possess the lowest shear often possess the strongest cir-

culation (strongest members represented by magenta

dots), while the members with the greatest shear are often

associated with the weakest circulation (weakest members

in black/blue). Similarly, the strongest (weakest) members

at any particular lead time are often associated with the

greatest (lowest) core RH (Fig. 2b). This suggested sensi-

tivity of vortex strength to midlevel RH close to the cir-

culation of the developing TC corroborates well with the

findings of Doyle et al. (2012). Despite a clear positive

relationship between core moisture and strength of circu-

lation, a near-opposite relationship between environmen-

tal moisture and strength of circulation is found (Fig. 2d).

This apparent paradox is due to the fact that the ensemble

members that strengthened the circulation more quickly

produced a solution in which the wave began to gain lati-

tude more rapidly. This gain in latitude is possibly a con-

sequence of ‘‘beta drift,’’ in which the northwestward drift

of a vortex due to the development of beta gyres that form

via the advection of planetary vorticity by the storm-scale

cyclonic circulation is proportional to the strength of the

vortex circulation (Fiorino and Elsberry 1989).

In addition to the aforementioned contrast between

core RH (Fig. 2b) and environmental RH (Fig. 2d),

there is also a stark difference inmagnitudes.While core

RH is between 80% and 90%, environmental RH is

between 50% and 60%. This is also the case for several

other easterly waves during 2010. Occasionally, the

easterly wave becomes cut off from a larger moisture

source (often to the south) as the wave penetrates deep

into a large air mass of less humid air (Fig. 3a). Even

though the environment can be relatively dry, an in-

significant amount of less humid air actually penetrates

the core and the system still develops. This limited

penetration of relatively dry environmental air appears

to be especially common for larger circulations associ-

ated with larger regions of core moisture. This finding is

consistent with the ‘‘marsupial paradigm,’’ in which

a recirculating region of moisture collocated with the

critical layer of the predepression avoids interaction

with the drier environmental air located outside the

critical layer (Dunkerton et al. 2009). Observations

(Braun et al. 2013) and idealized simulations (Braun

et al. 2012) also suggest that dry air .300km from the

storm center does not enter the recirculating region.

However, these ideas have only been developed for

cases in which shear is low, of which Earl is also a case.

The applicability of the marsupial paradigm and

whether or not the system can avoid interaction with

a dry environment in a more sheared regime has not

been explored. Fiona, which will be discussed in greater

detail next, is another case in which a pocket of higher

RH become detached from a broader environment of

high RH farther southeast (Fig. 3b).

Another important concept illustrated by Earl is the

relationship between uncertainty in the environment

and how this translates to uncertainty in the strength of

circulation at the time of genesis. More specifically,

sharp gradients in environmental shear or moisture are

often associated with increased forecast variance due to

greater uncertainty as to where that gradient will be

located. When a tropical wave such as Earl is projected

to be located along a gradient in moisture, some circu-

lations ingest a significant amount of dry air (red stars)

while others do not (green stars; Fig. 3c). The result is

large variance in the environmental moisture, such as in

the 168-h forecast (Fig. 2b). While the exact pathway

from environmental moisture variance to variance in

circulation is not fully explored, a correlation between

the two is certainly evident for Earl, suggesting a causal

relationship between uncertainty in the environment

and uncertainty in the strength of the predicted circu-

lation (Fig. 2a). On the other hand, once the ensemble

reaches an agreement as to which side of the moisture

(or shear) gradient the wave will be located (Fig. 3d), the

variance in the moisture forecast drops considerably.

This ultimately contributes to a reduction in the vari-

ance in the circulation forecast (Fig. 2a). Therefore,

there is a clear link between the uncertainty in the

strength of circulation and the uncertainty in the
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location of the wave and/or location of gradients of en-

vironmental variables.

b. Fiona

In addition to being a case with a moist core embed-

ded in a relatively dry environment, Fiona was in-

teresting in that there was virtually no genesis signal in

the ensemble between 144 and 240 h prior to genesis,

followed by a rapid transition toward a strong signal for

genesis from the 96–120-h lead time (Fig. 4a). In fact, the

ensemble over-adjusted as the predicted strength of cir-

culation was too strong in most members from the 48–96-h

lead time. For lead times of 96h and shorter, fewer en-

semble members predict a dry core (Fig. 4b), a dry envi-

ronment (not shown), or a high shear environment (Fig. 4c)

as an increasing number of members simultaneously pro-

duce a stronger circulation. We, therefore, suggest that

a more accurate forecast of the environmental parameters

contributes to a superior genesis forecast at these shorter

lead times. Additionally, within the 96–132-h time frame,

individual members with the strongest circulation (ma-

genta dots) are generally of higher coreRHwhilemembers

with the weakest circulation (blue/green dots) are of lower

core RH. This demonstrates that a buildup of inner core

moisture is essential to building a stronger circulation for

Fiona at these lead times.

While changes in predicted environmental conditions

likely contributed somewhat to changes in predicted

strength of circulation, they were likely too subtle to be

the only factor. Interestingly, 108 h prior to the genesis

of Fiona also corresponds to the timing in which the pre-

Fiona wave first emerged into the Atlantic from the

coast of Africa (Fig. 4d). As upper-air data are partic-

ularly sparse over Africa, the vortex was likely poorly

initialized in many successive model runs. In addition to

being better initialized with data from radiosondes

launched from Dakar, Senegal, as the wave passed over

it, it is also possible that the initialization of the ECMWF

FIG. 3. Ensemble mean RH at 700 hPa (contours), forecast variance for RH (color shaded), and centers of circulation with moist (700-hPa

RH$ 60%; green asterisks) and dry (700-hPa RH, 60%; red asterisks) cores in each ensemble member. Included are (a) a 24-h forecast

valid at the time of genesis of Earl from1200UTC24Aug2010, (b) a 24-h forecast valid at the time of genesis of Fiona from1200UTC29Aug

2010, (c) a 168-h forecast for Earl from 1200 UTC 18 Aug 2010, and (d) a 96-h forecast for Earl from 0000 UTC 21 Aug 2010.
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ensemble improved once the wave emerged over water

as data retrieved via microwave profiles such as total

precipitable water are not available over land. For these

reasons, it appears as though the predictive skill of

genesis for Fiona is directly related to whether the par-

ent wave is over Africa or not at the time of model ini-

tialization. While Fiona was perhaps the most obvious

case, other genesis events such as Lisa and Tomas (to

a lesser degree) appear to have been associated with

decreased predictive skill while their pregenesis distur-

bances were located over Africa.

c. Igor

The genesis of Igor occurred in an environment of un-

usually high shear, with 850–200-hPa shear exceeding

14ms21 (Fig. 5c). This was the greatest value of shear to

be associated with any genesis event in 2010. Meanwhile,

Igor was also associated with one of the strongest circu-

lation values at the time of genesis (Fig. 5a) andwas a rare

case in that the strength of predicted shear generally in-

creased with decreasing lead time before genesis. While

forecasts for higher values of environmental shear often

prevent particular ensemble members from predicting

genesis for most other events in 2010, Igor appears to be

a case where a large and strong initial circulation was able

to overcome stronger shear. The strength of the predicted

circulation at the time of genesis from Igor appears to

have been strongly related to the strength of the circula-

tion 48h prior to genesis in the 120- and 168-h forecasts. A

moderate-strength vortex (in most ensemble members)

exiting the African coast resulted in a moderate-to-strong

vortex at the time of genesis (not shown). At shorter lead

FIG. 4. Ensemble forecast distributions as a function of lead time (h, x axis) valid at the time of genesis (1200 UTC 30 Aug 2010) for

Tropical Storm Fiona, with (a) circulation (s21), (b) core RH (%) at 700 hPa, (c) environmental 850–200-hPa wind shear (m s21), and

(d) a GOES-12 and EUMETSAT-8 composite infrared satellite image of the easterly wave that spawns Fiona exiting the west coast of

Africa 108 h prior to genesis (0000 UTC 26 Aug 2010; http://catalog.eol.ucar.edu/predict/). In (a)–(c), each dot represents a different

ensemble member with forecast circulation values of ,3 3 1025 s21 (black), $3 3 1025 s21 (blue), $6 3 1025 s21 (green), and $9 3
1025 s21 (magenta). The ensemble mean forecast is also shown (black line).
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times, better agreement for a strongwave exiting the coast

of western Africa resulted in a very strong genesis signal.

Igor was also associated with not only a very moist core

(Fig. 5b), but also a very moist surrounding environment

(Fig. 5d). In fact, Igor developed in the moistest envi-

ronment at 700hPa of all the systems in 2010. Igor dem-

onstrates that a very moist environment can help a wave

overcome other challenges during development, such as

high shear. Unlike Fiona and Earl, the individual en-

semble members with the strongest circulations were not

necessarily associated with lower shear or higher core

moisture.

Another noteworthy aspect of Igor was the fact that

the circulation forecasts valid at the genesis time were

associated with unusually high variance even at very

short lead times (Fig. 5a). While there was low un-

certainty in the forecast for moisture (Fig. 5b) due to

a combination of low ensemble variance and a lack of

any sharp moisture gradients near the center of circu-

lation in any ensemble member (Fig. 6a), there was

considerable uncertainty even at short lead times in the

strength of the shear (Fig. 5c). This was due to the fact

that the wave associated with Igor was traversing through

a very sharp gradient in shear and a local maximum in

forecast variance of shear, evident in forecasts from 36-h

lead time (Fig. 6b). So while Igor managed to develop in

a seemingly unfavorable environment with higher values

of shear, it nonetheless appears that uncertainty in the

strength of the shear still translated to uncertainty in the

strength of circulation.

d. Bonnie

The predictability of the genesis of Bonnie is particu-

larly difficult to relate to changes in its environment. Al-

though in many other cases the ensemble distribution

shifts from weak to strong circulations at a time when the

environment is forecast to become more favorable, an

increase in the predicted circulation from 72–96-h lead

time (Fig. 7a) occurs with seemingly no major changes in

predictedmoisture or shear (Figs. 7b,c). Not onlywere the

changes with time in predicted moisture and shear fairly

insignificant, but the actual verifying values were not

FIG. 5. As in Fig. 2, but for the genesis of Hurricane Igor. Forecasts are valid at 1200 UTC 8 Sep 2010.
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particularly noteworthy either. The core and environment

were slightly drier than the 2010 average at 82%and 58%,

respectively, but well within the variance of the sample.

Shear was also neither unusually high nor low at 6ms21.

The strength of the predicted divergence appears to be

correlated to the strength of the disturbance at the same

forecast time (Fig. 7d).However, this is not necessarily the

cause for a stronger genesis signal and can often be at-

tributed as an effect of having a stronger initial vortex at

shorter lead times.

Also interesting is the time variation of the change in

spread of circulation forecasts for Bonnie (Fig. 7a). At

early lead times (240–108 h), the spread is low and the

ensemble is completely underdispersive. Here the initial

vortex is too weak in all the members and almost uni-

versally fails to develop. At later lead times (96–48 h),

some members have a stronger initial vortex but with

large forecast uncertainty, leading to a high variance

forecast. Finally, at shorter lead times (36–0 h), the en-

tire ensemble initializes a stronger vortex but with lower

forecast uncertainty, thereby once again producing

a lower spread forecast.

Another attribute of Bonnie was the fact that it origi-

nated from an anomalously small wave, especially for

2010. It is likely that its small size made Bonnie difficult

for the ensemble to accurately predict more than 72h

before genesis, likely due to a combination of sampling

and resolution issues. It is apparent by t 5 36h that the

forecast initialized at 0000UTC 19 July 2010 (Fig. 8a) will

only result in a modest circulation by t5 84h (Fig. 8b) at

the verifying time of genesis. However, many ensemble

members initialized just 12h later on 19 July 2010 already

depict a much stronger wave at t 5 24h (Fig. 8c), which

ultimately yields a much stronger genesis likelihood by

t 5 72h (Fig. 8d). So while many genesis events in 2010

showed considerable sensitivity to the environment, the

dominant sensitivity for Bonnie appears to be to the

strength of the initial circulation. Bonnie exemplifies

the difficulty that global model ensembles often have

with initializing weak waves accurately.

e. Remaining cases

In several cases similar to Earl, a clear relationship

was found to exist between ensemble members with the

highest moisture and/or lowest shear and the strength of

the predicted circulation (Alex, Colin, Danielle, Gaston,

Hermine, Matthew, Otto, Shary, and Tomas). Also for

these cases, forecasts with greater variance in moisture

or shear were generally associated with greater variance

in the predicted strength of circulation. For other cases

(Tropical Depression 2, Tropical Depression 5, Julia,

Karl, Lisa, Nicole, Paula, and Richard), there was not

a clear relationship between the favorability of the en-

vironment and the strength of circulation in individual

forecasts. Note that there is no clear distinction between

easterly wave and non-easterly wave genesis events,

similar to the findings of Majumdar and Torn (2014).

In a few of the cases in which the predictability of

genesis cannot be easily related to the environment, there

existed a stronger relationship between the strength of

the initial vortex and the strength of the verifying circu-

lation. Examples include Bonnie, Lisa, and Igor. In only

the case of Nicole, the forecast strength of circulation at

the time of genesis was strongly dependent upon the lo-

cation, not strength, of the initial vortex prior to genesis.

Finally, for Fiona and Lisa, there was virtually no genesis

signal in forecasts initialized while the easterly waves

FIG. 6. The predicted location of Igor at the time of genesis relative to (a) gradients of moisture and (b) gradients of shear in 36-h

forecasts initialized at 0000 UTC 7 Sep 2010. Included are (a) ensemble mean RH at 700 hPa (contours) and forecast variance for RH

(color shaded), and (b) ensemble mean 850–200-hPa shear (black contours), ensemble mean streamlines of 850–200-hPa shear (gray

streamlines), and variance of shear (color shaded). The center of circulation in each ensemble member is indicated (asterisks).
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were still located over Africa. Thereafter, all subsequent

forecasts resulted in a strong genesis signal within a day of

the wave emerging over water from the West African

coast. Last, the pattern of decreased (enhanced) pre-

dictability when genesis occurs near (away from) sharp

gradients in moisture and/or shear described in the case

of Earl is also observed in a few other genesis events.

4. Joint distributions

The joint distributions in this section represent com-

posites of the relationships between variables in all 51

ensemble members, cumulative over all 21 genesis

events. Unless otherwise stated, forecasts over the entire

0–240-h time frame are included.

We begin our exploration of the multivariate phase

space of variables relevant to genesis by examining the

relationship between moisture and strength of circula-

tion. The joint distribution for 700-hPa core RH and

circulation reveals the expected result of an increase in

the number of cases with strong circulations given higher

values of moisture (Fig. 9a). While higher moisture does

not necessarily preclude the existence of weaker circu-

lation, as there are still a few counts in the bins of high

RH/low circulation, it appears that core RH , 60% al-

most certainly prevents circulation from reaching 1 3
1024 s21. The sample also appears to be heavily biased

toward caseswith coreRHbetween 70%and 90%.There

are very few samples of low RH since only those cases in

which genesis actually occurs are included. On the other

hand, there are very few cases exceeding 90%RH simply

because it is very difficult to sustain such a high moisture

content over a region 600km in diameter. Therefore, to

account for unequal samples within each RH bin, each

column is normalized by the total number of cases con-

tained within it (Fig. 9b). Doing so gives a clear depiction

that the higher the RH, the greater the potential for

a system to have a stronger circulation, due to an in-

creased fraction of that column being associated with

stronger circulation values. Similarly, if RH is,60%, it is

FIG. 7. As in Fig. 4, but for time of genesis (1200 UTC 22 Jul 2010) for Tropical Storm Bonnie and (d) core 200-hPa divergence (s21).
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most likely that the circulation of the wave will fall be-

tween 2.5 and 5.0 3 1025 s21.

The joint distribution of forecast errors for circulation

and 700-hPa core RH (Fig. 9c), where we now subtract

verification from each case, depict an overall similar

structure to the joint distribution of the variables

themselves (Fig. 9a). Additionally, the dry bias is re-

vealed in the error computation, and cases with this bias

are also associated with a weak circulation bias. It is not

surprising that there are many more cases with dry er-

rors than moist errors, since only cases in which genesis

actually occurred are included in our sample. With

a sample of cases in which verification for RH is con-

sistently in the 80%–90% range, it is physically impos-

sible to obtain errors much greater than120%, but it is

not difficult to have errors of 240%.

In contrast to the clear relationship between the

circulation and core RH in Fig. 9b, a relationship

between the environmental RH (300 # r # 1000 km)

and circulation is much less obvious, even with nor-

malization (Fig. 9d). While RH less than 30% appears

to be a hard cutoff for nondevelopment, its sample

size is quite low. However, values as low as 30%–40%

RH appears to be almost as favorable as 80%–90%

RH.

An examination of the joint distribution between

circulation and core RH for different subsets of lead

times reveals that a dry bias has already appeared in 0–

72-h forecasts, suggesting a possible problem in the

model physics or parameterizations (Fig. 10a). There-

after, the dry bias becomes progressively stronger with

increasing lead times (Figs. 10b,c). There is also a weak

bias for circulation that grows with lead time. While this

weak bias is again related to the dry bias, the fact that the

sample only includes developing systems is also a likely

contributor.

FIG. 8. Composite circulation forecasts for all ensemble members valid (a),(c) 48 h prior to the genesis of Bonnie and (b),(d) at the time

of genesis of Bonnie contoured in 3 3 1025 s21 (blue), 6 3 1025 s21 (green), and 9 3 1025 s21 (magenta) increments. Included are

(a) a 36-h forecast and (b) an 84-h forecast initialized at 0000 UTC 19 Jul 2010, and (c) a 24-h forecast and (d) a 72-h forecast initialized at

1200 UTC 19 Jul 2010.
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A relationship between circulation and latitude has

been suggested in the case study of Earl (section 3a). The

corresponding joint distribution over the 2010 season

reveals that the stronger circulations do exist at higher

latitudes (Fig. 11a). However, this is likely just an artifact

of a stronger b effect for stronger circulations, demon-

strated in Fiorino and Elsberry (1989). To calculate the

effect of circulation on deep-layer mean steering flow, an

average of the 5-day forecast 850–500-hPa meridional

winds within a 1000 3 1000km2 box for all 21 tropical

waves is computed, with the difference between the 5

strongest and the 5 weakest ensemble members com-

puted for each case. Overall, the meridional compo-

nent of wind is found to be 1.00m s21 stronger (and

southerly) for the five strongest ensemble members

than for the five weakest members. Linearly extrapolated

for an additional 120 h, this would translate to a lat-

itudinal difference of 432 km. Therefore, the tropical

wave gains more latitude in ensemble members with

stronger circulations, consistent with Fig. 11a. Also

consistent with Figs. 11a and 9d, a negative relationship

between latitude and environmental RH is revealed in

Fig. 11b.

Joint distributions can sometimes be more complex

than the preceding cases. One example is the distribu-

tion of core RH versus environmental RH (Fig. 11c).

While the distribution exhibits a clear maximum in the

60%–80% environmental RH and 70%–90% core RH

bins, there are two local maxima in the core RH distri-

bution for low environmental RH in the 30%–50%

range. An examination of the three-dimensional joint

distribution between core RH, environmental RH, and

FIG. 9. (a) Joint distribution, (b) normalized joint distribution, and (c) error distribution of circulation vs 700-hPa core RH; (d) nor-

malized joint distribution of circulation vs 700-hPa environmental RH. In (b) and (d), the total number of elements in each column is

labeled at the top (magenta).
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circulation in Fig. 11d first reveals that the dry environment/

dry core cases are associated with weak circulations. On

the other hand, dry environment/moist core cases are

associated with strong circulations (red circle), likely due

to stronger circulations recurving northward more rap-

idly into dry midlatitude air and/or the Saharan air layer

due to increased b advection. These dry environment/

moist core cases can largely be attributed to waves such

as Fiona and Earl, in which a localized region of higher

RH becomes detached from a moist environment to the

south and/or east but remains collocated with the cir-

culation maximum (Fig. 3). In the absence of hostile

shear or significant dry air penetrating the core, the sys-

tem remains resistant to the relatively dry environment

and ultimately undergoes genesis.

As expected, stronger circulations are associated

with stronger upper-level divergence (Fig. 12a). A

nonnegligible number of developing cases do feature

net low-level divergence. However, the presence of net

low-level divergence .48 h prior to genesis is not in-

consistent with observations (e.g., Bister and Emanuel

1997; Komaromi 2013), during which time downdrafts

often still dominate over any developing secondary

circulation. In addition to some of these cases being

nondevelopers, there also appear to be a significant

fraction of cases featuring low-level divergence in

which the dynamics are properly represented, but

genesis is simply too slow to occur. On the other hand,

there are also a large number of cases that feature net

upper-level convergence (Fig. 12b). These forecasts are

overwhelmingly nondevelopers, as subsidence sup-

presses convective activity within the wave.

Divergence at 200 hPa also exhibits a clear positive

correlation with 700-hPa RH (Fig. 12c). The more

moist the core of the system, the stronger the upper-

level divergence can potentially be. Errors in RH and

divergence depict a similar relationship (Fig. 12d);

a general dry bias in the forecast is associated with

a weak bias in the area-averaged divergence. This re-

lationship is likely tied to the strength of the convection

and strength of the secondary circulation, either of

which are weakened by downdrafts caused by evapo-

ration triggered by dry air. However, it is unclear if the

presence of lower RH air necessarily leads to weaker

upper-level divergence, or if this distribution also in-

cludes cases of weak upper-level divergence resulting

in weaker updrafts and less convection, which appears

as lower RH air at 700 hPa.

FIG. 10. Error joint distributions of circulation vs

700-hPa core RH for (a) 0–72-, (b) 84–156-, and

(c) 168–240-h forecast lead times.
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Next, relationships that involve vertical wind shear are

examined. Normalized distributions of 850–200 (Fig. 13a)

and 850–500hPa (not shown) wind shear indicate definite

trends of stronger circulations for weaker values of shear.

However, there is no definitive cutoff for shear above

which a circulation .1.0 3 1024 s21 does not occur, as

there was for moisture. Also note that for 850–200-hPa

shear, 0–2.5ms21 is virtually identical to 7.5–10ms21 in

terms of favorability for genesis. For comparison, Nolan

and McGauley (2012) found that 2.5–3.75ms21 shear is

this most favorable condition, while 0ms21 shear was

about as favorable as 7.5ms21 shear.

The effects of the zonal component of wind shear are

also investigated. The distribution in Fig. 13b suggests

that that the zonal shear direction is unrelated to

genesis. This contradicts the results of Nolan and

McGauley (2012), who found westerly shear to bemore

favorable. However, environments with westerly shear

in this sample are drier (Fig. 13c) and have stronger

total shear (Fig. 13d), which are factors known to in-

hibit genesis. Accounting for these factors, it is possible

that there is a causal relationship between zonal shear

direction and genesis here. Further analysis could also

determine whether the relationship between shear di-

rection and intensification is being obfuscated by other

variables [e.g., moisture, by examining part correla-

tions following Sippel et al. (2011)]. However, this is

presently beyond the scope of this study.

Finally, normalized lagged distributions for circula-

tion and core moisture depict some signal for causality.

FIG. 11. (a) Normalized joint distribution of circulation vs latitude, (b) normalized joint distribution of 700-hPa environmental RH vs

latitude, (c) joint distribution of 700-hPa core RH vs 700-hPa environmental RH, and (d) three-dimensional joint distribution of 700-hPa

core RH, 700-hPa environmental RH, and circulation. In (a) and (b), the total number of elements in each column is labeled at the top

(magenta).
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While the goal of exploring how one variable affects

another at a later time is philosophically similar to

performing an ensemble sensitivity analysis (e.g., Doyle

et al. 2012), the two techniques differ substantially. Here

we have the advantage of not needing a tangent linear

model or making any assumptions about linear pertur-

bation growth, but with the disadvantage that it is

more difficult to separate the contributions from the

individual variables we are assessing. Results indicate

that strength of circulation at the time of genesis ex-

hibits a positive relationship with magnitude of the

700-hPa core RH 48 h prior to genesis (Fig. 14a).

Conversely, the relationship between core RH at the

time of genesis and strength of circulation 48h prior to

genesis is not as evident (Fig. 14b). Therefore, it appears

that the presence of a moist core contributes to a stron-

ger genesis signal more so than a strong initial vortex

results in a moist core at the time of genesis. Similar

methodology applied to core RH and core upper-level

divergence does not produce as clear a result. It appears

that the degree to which a moist core 48h prior to gen-

esis contributes to stronger upper-level divergence at the

time of genesis (Fig. 14c) is roughly equal to the degree

to which stronger upper-level divergence 48h prior to

genesis contributes to a moist core at the time of genesis

(Fig. 14d).

5. Wave-relative uncertainty prediction

In this section, one goal is to determine whether the

ensemble has greater difficulty conveying uncertainty

via ensemble variance in the core of the tropical wave

than it does in the nearby environment. Another goal is

to examine the change (deterioration) in variance pre-

diction with increasing forecast times.

FIG. 12. As in Fig. 11, but for circulation vs (a) 200-hPa core divergence and (b) 850-hPa core convergence; (c) normalized joint distribution

of 200-hPa core divergence and 700-hPa core RH; (d) error distribution of 200-hPa core divergence vs 700-hPa error.
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First, variance prediction for circulation is examined.1

In general, forecasts with shorter lead times are associ-

ated with lower ensemble standard deviation and verify

with lower absolute error of the ensemblemean (Fig. 15a,

blue dots). While there is too much scatter for a linear

regression line to be meaningful, there is nonetheless

a positive relationship between the two. Only a few

cases fall within the category of poor ensemble per-

formance, where low standard deviation and high error

exist, and the lead time in these cases is 6 or more days

(Fig. 15a, red dots). A further examination reveals that

virtually all of these cases are associated with missed

genesis forecasts, in which there is strong agreement

within the ensemble that genesis will not occur, but it

does (consistent with the findings of Majumdar and

Torn 2014). This region of Fig. 15a could also corre-

spond to cases where there is very good agreement that

genesis will occur, but it fails to do so, if false alarms

were included in the sample.

A general increasing relationship between the

ensemble-mean error standard deviation and the error

of the ensemble mean is found for all lead times

(Figs. 15b–d). However, the slope tends to be shallower

than the desired 1-to-1 relationship (dashed line),

particularly at longer (168–240 h) lead times. In other

words, the ensemble mean error is on average too low

for high-spread circulation forecasts and is slightly too

high for low-spread circulation forecasts. This flatten-

ing of the forecast error standard deviation with time is

indicative of a model bias, likely the result of a weak

bias at longer lead times. If the ensemble is well con-

structed and unbiased, 68% or 1 confidence interval of

the sample (dark magenta dots) should fall within the

‘‘ideal’’ confidence interval (light magenta cone).

FIG. 13. As in Fig. 11, but for (a) circulation vs 850–200-hPa shear, (b) circulation vs 850–200-hPa zonal shear, (c) 700-hPa environmental

RH vs 850–200-hPa zonal shear, and (d) 850–200-hPa shear magnitude vs 850–200-hPa zonal shear.

1 Only core circulation is computed, as environmental circulation

is often close to zero.

MAY 2015 KOMAROM I AND MAJUMDAR 1681



Many of the magenta dots fall below the ideal distri-

bution at later lead times and with incorrect variance

(too much variance for low-error cases, too little vari-

ance for high-error cases), indicating that the ensemble

forecast bias has become large at 17 days.

The standard deviation and absolute error for core

RH exhibits an overall positive relationship, with no

cases where the ensemble is dramatically under-

predicting the standard deviation (Fig. 16a). The re-

lationship between ensemble mean standard deviation

and ensemble-mean error standard deviation also in-

creases for core RH for both 0–72- and 84–156-h lead

times (Figs. 16b,c). Higher-variance forecasts of core

moisture tend to be associated, on average, with higher

error forecasts, implying that the ensemble is ade-

quately conveying the uncertainty in the forecast.

However, the relationship begins to fail at 168–240 h, at

which time the slope is much shallower than 1:1, imply-

ing that forecasts with higher forecast variance are only

slightly more likely to verify with higher mean error than

forecasts with low variance, thus indicating a dry bias

(Fig. 16d). This differs with the results from Part I, where

the relationship for 700-hPa RH was still monotonically

increasing at 168–240h on the large scale.

Predictability for 700-hPa RH appears to be slightly

greater overall when averaging over the wave environ-

ment (Fig. 17), with forecasts noticeably less dry biased

at longer lead times (168–240h). However, the re-

lationship between ensemble mean standard deviation

and ensemble-mean error standard deviation does still

begin to deviate from a monotonic increase at longer

lead times. This demonstrates that the ensemble has

greater skill in predicting moisture variance in the en-

vironment surrounding these tropical waves than it does

FIG. 14. Normalized lagged distributions: (a) circulation at the time of genesis vs 700-hPa core RH 48 h prior to genesis, (b) circulation

48 h prior to genesis vs 700-hPa core RH at the time of genesis, (c) 200-hPa divergence at the time of genesis vs 700-hPa core RH 48 h prior

to genesis, and (d) 200-hPa divergence 48 h prior to genesis vs 700-hPa core RH at the time of genesis. The total number of elements in

each column is labeled (magenta).
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with the moisture local to the waves themselves, but it

still has difficulty in the environment beyond 156 h.

While results for shear and divergence are not shown,

the general result of the slightly greater ability of the

ensemble to predict variance over the environment than

over the wave core is still evident. Also, a weak bias in

core divergence is not evident on environmental scales,

resulting in a more monotonic increasing relationship at

longer lead times.

6. Conclusions

This study builds on the basin-scale examination of

predictability associated with genesis in Part I by fo-

cusing on relatively small domains in the frame of

reference relative to the wave. ECMWF ensemble

forecasts out to 10 days were employed over 21 cases

of genesis in 2010.

As had been concluded in Part I, predictability de-

pends heavily on the flow regime. Some genesis events

were found to be more predictable than others, and the

factors that limited predictability for some cases were

not consistently inhibiting factors across all cases. In

conventional cases such as Earl, there is a clear and

consistent relationship between the ensemble distribu-

tion of circulation at the time of genesis and the overall

favorability of the predicted environmental moisture

and shear. In these cases, a strong relationship between

predicted circulation and core 700-hPa RH in individual

ensemble members was noted, consistent with Doyle

et al. (2012). In contrast, other cases including Fiona,

Igor, and Bonnie exhibited no clear relationship

FIG. 15. Evaluation of ensemble variance prediction for wave-relative circulation forecasts. (a) Standard deviation of ensemble fore-

casts vs the absolute error of the ensemble mean forecast as a function of forecast lead time, in days (colored).(b)–(d) Ensemble standard

deviation vs error of the ensemble mean forecast (magenta dots), first confidence interval of the ideal distribution of the sample (magenta

cone). Ensemble-mean forecast error standard deviations in 10 equal-sized bins (black circles), and the 1:1 line (dashed) for 0–72, 84–156,

and 168–240 h, respectively.
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between the favorability of the predicted shear and

moisture and the circulation. For Bonnie and Igor,

a stronger relationship was found between the strength

of the initial vortex (or the vortex 48h prior to time of

genesis) and the strength of the circulation. For Fiona

(and Lisa; not shown), there was virtually no genesis

signal in forecasts initialized while the easterly waves

were still located over Africa. Thereafter, all subsequent

forecasts resulted in a strong genesis signal within a day

of the wave emerging over water from theWest African

coast. This case-to-case disparity between sensitivity to

the initial vortex versus sensitivity to the environment

was also found by Sippel et al. (2011) and Torn and

Cook (2013).

Despite the case-to-case variability, some general

characteristics associated with predictability of genesis

were also found. Tropical waves collocated with or

traversing sharp gradients in shear or moisture were

associated with greater forecast variance and thereby

uncertainty for those variables, resulting in greater

variance in the predicted strength of circulation. Sim-

ilarly, tropical waves far from significant gradients

tended to be associated with a lower uncertainty envi-

ronment, which translated to lower variance in the

predicted circulation. Another common result was that

tropical waves that maintained a moist core while tra-

versing an otherwise sheared or relatively dry envi-

ronment maintained a consistent genesis signal.

The joint distributions over all the genesis cases

revealed a positive correlation between 200-hPa

divergence–850-hPa convergence and strength of cir-

culation. However, there were also a nonnegligible

number of forecasts associated with net low-level core

divergence despite having positive circulation. It is likely

that some of these cases are instances where genesis is

too slow to occur in the forecast, and the predicted wave

was still at the low-level outflow dominant pregenesis

stage similar to findings reported by Bister and Emanuel

(1997) and Komaromi (2013). Most of the forecasts with

net upper-level convergence were nondevelopers.

There was also little to no correlation between envi-

ronmental moisture and circulation, but a strong posi-

tive correlation between core moisture and circulation.

Lagged joint distributions revealed that a dry core was

more likely to result in a weaker genesis signal than it

was to be the result of a weak vortex. The finding that

dry air was less detrimental to stronger, more mature

circulations is consistent with Sippel et al. (2011). In

several cases, most notably Earl and Fiona, the waves

appears to resist the intrusion of dry environmental air

FIG. 16. As in Fig. 15, but for 700-hPa core RH.
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within the recirculating region, consistent with the

findings of Dunkerton et al. (2009) and Braun et al.

(2012, 2013). However, none of these waves were in the

presence of strong shear. It is also worth noting that the

ensemble exhibited a dry bias, which became more

pronounced at longer lead times.

Greater values of vertical wind shear were associated

with weaker predicted circulation at the time of genesis.

However, a few ensemble members did develop stron-

ger circulations with up to 20–25ms21 deep-layer shear,

demonstrating that greater shear values may suppress

but not prevent genesis. Neither westerly nor easterly

shear were found to be more favorable than the other.

By averaging forecasts over the inner core and an en-

vironmental annulus, wave-relative variance prediction

was generally superior to the parallel evaluations on

synoptic scales in Part I. For all variables examined, the

relationship between ensemble standard deviation and

ensemble-mean error standard deviation was mostly in-

creasing with a slope near unity. For 7–10-day forecasts,

some cases of low ensemble standard deviation and high

mean error for circulation existed, which were associated

with an underdispersive ensemble. The overall ‘‘flatten-

ing’’ of the variance–error relationship at longer forecast

times was likely due to the growth of model biases, with

a dry bias being the most evident.

To conclude, the ECMWF ensemble has demon-

strated that, not only are the environmental conditions

favorable to genesis predictable out to a week or more,

but there is some predictability associated with the

individual genesis events themselves out to similar lead

times. However, all cases are different, and some gen-

esis events are found to be much more predictable than

others. Ultimately, a combination of improved mod-

eling, data assimilation, and increased observations

should be able to extend our ability to predict TC

genesis even further.
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