
Joint Impact of Forecast Tendency and State Error Biases in Ensemble Kalman Filter
Data Assimilation of Inner-Core Tropical Cyclone Observations

TOMISLAVA VUKICEVIC

Hurricane Research Division, NOAA/Atlantic Oceanographic and Meteorological Laboratory, Miami, Florida

ALTU �G AKSOY

Hurricane Research Division, NOAA/Atlantic Oceanographic and Meteorological Laboratory, and Cooperative Institute

for Marine and Atmospheric Studies, University of Miami, Miami, Florida

PAUL REASOR AND SIM D. ABERSON

Hurricane Research Division, NOAA/Atlantic Oceanographic and Meteorological Laboratory, Miami, Florida

KATHRYN J. SELLWOOD

Hurricane Research Division, NOAA/Atlantic Oceanographic and Meteorological Laboratory, and Cooperative Institute

for Marine and Atmospheric Studies, University of Miami, Miami, Florida

FRANK MARKS

Hurricane Research Division, NOAA/Atlantic Oceanographic and Meteorological Laboratory, Miami, Florida

(Manuscript received 30 July 2012, in final form 23 January 2013)

ABSTRACT

In this study the properties and causes of systematic errors in high-resolution data assimilation of inner-core

tropical cyclone (TC) observations were investigated using the Hurricane Weather Research and Forecasting

(HWRF) Ensemble Data Assimilation System (HEDAS). Although a recent study byAksoy et al. demonstrated

overall good performance of HEDAS for 83 cases from 2008 to 2011 using airborne observations from research

and operational aircraft, some systematic errors were identified in the analyses with respect to independent

observation-based estimates. The axisymmetric primary circulation intensity was underestimated for hurricane

cases and the secondary circulation was systematically weaker for all cases. The diagnostic analysis in this study

shows that the underestimate of primary circulation was caused by the systematic spindown of the vortex core in

the short-term forecasts during the cycling with observations. This tendency bias was associated with the sys-

tematic errors in the secondary circulation, temperature, and humidity. The biases were reoccurring in each cycle

during the assimilation because of the inconsistency between the strength of primary and secondary circulation

during the short-term forecasts, the impact of model error in planetary boundary layer dynamics, and the effect of

forecast tendency bias on the background error correlations. Although limited to the current analysis the findings

in this study point to a generic problem of mutual dependence of short-term forecast tendency and state estimate

errors in the data assimilation of TC core observations. The results indicate that such coupling of errors in the

assimilation would also lead to short-term intensity forecast bias after the assimilation for the same reasons.

1. Introduction

Over the last two decades, there has been a marked

improvement in prediction of tropical cyclone (TC)

tracks, while forecasting intensity has remained a major

challenge with virtually no improvement (Rappaport

et al. 2009; Berg and Avila 2011). Recognizing that

mesoscale processes play a critical role in TC evolution

(Montgomery and Smith, 2011; Emanuel 2005), high-

resolution numerical weather prediction (NWP) models

have been employed to study improvements to the TC

intensity forecast. The positive impact of high resolution
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on the intensity forecast was demonstrated in studies

by Gopalakrishnan et al. (2002), Gopalakrishnan et al.

(2006), X. Zhang et al. (2011), Davis et al. (2008), and

Gopalakrishnan et al. (2011). In addition, Xiao et al.

(2009), Weng and Zhang (2012), and F. Zhang et al.

(2011) demonstrated that assimilation of high-resolution

Doppler radar wind observations within the TC core re-

gion could significantly improve the forecast skill of high-

resolution models. More generally, these results indicate

that reducing the uncertainty in the mesoscale aspects of

the initial conditions could have a significant positive

impact on the skill of TC intensity prediction with high-

resolution models (Gall et al. 2013).

In this study, we focus on the systematic errors (the

biases) in vortex-scale ensemble Kalman filter (EnKF)

data assimilation. Although initial condition uncertainty

is typically associated with random errors, because these

errors are traditionally considered for determining the

predictability limit (Lorenz 1969; Rotunno and Snyder

2008), systematic errors could have a stronger influence

on the prediction skill and may limit predictability to

shorter time scales than would be associated with the

random error growth. Studies by Weng and Zhang

(2012) and F. Zhang et al. (2011) have provided exam-

ples of impact of systematic errors in the initial condition

for the TC intensity forecast problem. In these studies

the forecast skill improvement from the EnKF assimi-

lation of Doppler radar observations in the vortex-scale

initial condition was demonstrated using the de-

terministic forecasts that were initialized by the mean

analyses. Because the initial systematic errors were re-

duced in the mean analysis by design, relative to a state

without data assimilation, the deterministic forecast skill

improvement is directly attributed to reducing these

errors. Also, the ensemble forecast results in Weng and

Zhang (2012) exhibited similar skill improvement to the

deterministic forecast, further suggesting the influence

of reduced bias in the initial condition. It is interesting

that the forecasts in both studies exhibited much lower

skill improvement within first 12–24 h than at a longer

range. Such result suggests that the systematic errors,

which affected the short-term forecast, were either not

reduced or could have been introduced during the data

assimilation. Overall, the prior studies point to the im-

portance of addressing the systematic errors in the me-

soscale initial conditions for the TC intensity prediction

with high-resolution models.

In this study, we investigate possible causes of the

systematic errors in high-resolution EnKF data assimi-

lation at TC vortex scales. Specifically, the results of data

assimilation experiments presented in Aksoy et al. (2013)

with the Hurricane Weather Research and Forecasting

(HWRF)EnsembleDataAssimilation System (HEDAS;

Aksoy et al. 2012) were analyzed. In this analysis special

attention was given to amutual dependence of the short-

term forecast biases and the systematic errors in the

assimilation. The evaluation of the impact of theHEDAS

analyses on the forecast after data assimilation is pre-

sented in Gall et al. (2013). A brief summary of HEDAS

and the data assimilation results in Aksoy et al. (2013)

that are relevant to the analysis in this study are presented

in section 2. The methodology of diagnostic analysis of

the systematic errors in the assimilation is described in

section 3. The results are summarized in section 4. Con-

clusions are presented in section 5.

2. Data assimilation system and application to cases
from 2008 to 2011 hurricane seasons

a. HEDAS

HEDAS was developed at the Hurricane Research

Division of the National Oceanic and Atmospheric

Administration (NOAA) Atlantic Oceanographic and

Meteorological Laboratory (AOML) to assimilate TC

inner-core observations for high-resolution vortex ini-

tialization (Aksoy et al. 2012, 2013). The observations

assimilated with this system include airborne Tail Doppler

Radar (TDR) radial wind speed, stepped-frequency mi-

crowave radiometer surface wind speed, and flight-level

and dropwindsonde measurements from research and

operational aircraft (Aberson 2010; Aberson et al. 2006).

These observations are routinely transmitted in real time

and therefore are available for potential assimilation into

operational models.

As described in Aksoy et al. (2012, 2013) HEDAS is

based on a serial implementation of the square root

EnKF ofWhitaker and Hamill (2002). In a serial update

loop, each observation is treated as a scalar quantity,

using a simplified version of the update equations of

Whitaker andHamill (2002). The simplificationwas based

on Eqs. (4)–(7) in Snyder and Zhang (2003). Three-

dimensional, distance-dependent covariance localization,

using a compactly supported fifth-order correlation

function following Gaspari and Cohn (1999) was applied.

In the application with TC vortex observations the lo-

calization length scale was chosen so that most of the

vortex is updated given the limited spatial distribution of

observations.

In the assimilation, the experimental version of

the HWRF model (Gopalakrishnan et al. 2002, 2006;

X. Zhang et al. 2011) was configured with a horizontal

grid spacing of 9 and 3 km on the outer and inner do-

mains, respectively. The vortex-following nest motion of

the inner domain was suppressed during the assimilation

and all ensemblemembers were initialized with collocated
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inner domains to facilitate gridpoint-based spatial co-

variance computations in the EnKF. The inner grid

domain size was about 108 3 108 in latitude and longi-

tude. The forecast ensemble comprised 30 members.

The initial and lateral boundary ensemble perturbations

were obtained from the experimental, EnKF-based

global ensemble prediction system developed for the

National Centers for Environmental Prediction (NCEP)

Global Forecast System (GFS). The details of this system

and its performance for the prediction of 2009 and

2010 tropical cyclones are summarized in Hamill et al.

(2011a,b). An ensemble spinup was carried out for 3–4 h

prior to the data assimilation. These ensemble forecasts

were initialized 6 h prior to the synoptic time around

which a respective NOAA P-3 flight was centered. The

serial assimilation of observations included 2–7 hourly

cycles, depending on the case. Further technical details

of HEDAS and the associated HWRF model configu-

ration are included in Aksoy et al. (2012, 2013).

b. Systematic errors in the final HEDAS analysis

The real data experiments with HEDAS for 83 cases

of observed TCs from 2008–11 are presented in detail in

Aksoy et al. (2013). In this section the results that are

relevant to the systematic error analysis in the current

study are summarized.

Aksoy et al. (2013) showed that overall HEDAS pro-

duced a realistic analysis in terms of TC center position

and primary circulation intensity, axisymmetric vertical

and radial structure, as well as first-order vortex asym-

metry. However, the analysis, for the cases with an ob-

served intensity higher than tropical storm strength

exhibited a systematic underestimate (the negative bias)

of the axisymmetric primary circulation intensity rela-

tive to an independent wind analysis based on TDR

observations using the three-dimensional variational

Doppler analysis technique (Gamache 1997; Reasor

et al. 2009). Although the amplitude of the systematic

error was not large when averaged over all cases, it was

significant. This is evident from the error frequency di-

agram in Fig. 1a, which shows that the amplitude of

axisymmetric tangential wind speed error was larger

than 6m s21 for about 45% of the hurricane intensity

cases. An intensity error of this amplitude is 2–3 times

larger than the expected error variance of the TDRwind

observations and the Doppler-based analysis of the

axisymmetric primary circulation (Reasor et al. 2009;

Rogers et al. 2012). In addition, Aksoy et al. (2013) show

that the amplitude of azimuthal wavenumber 1 in the

primary circulation exhibited a negative bias (lower

amplitude) relative to the Doppler-based wind analysis

(Fig. 13b in Aksoy et al. 2013).

Similar to the axisymmetric primary circulation, esti-

mates of the maximum sustained wind speed at 10m, a

standardmeasure of TC intensity (Rappaport et al. 2009),

exhibited significant negative bias (lower intensity) with

FIG. 1. Frequency distribution of primary circulation intensity errors (observed2 analysis) in the finalHEDAS analysis for 83 cases [the

cases are described in Aksoy et al. (2013) study]. Units are m s21. (a) Maximum amplitude of axisymmetric flow at height of 1 km and (b)

maximum wind speed at height of 10m with respect to independent 3D Doppler wind analysis and the best-track estimate. All 83 cases

(light gray), all hurricane intensity cases (dark gray), and major hurricanes greater than category 2 (black).
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respect to the best-track estimates for the cases of

observed intensity greater than Saffir–Simpson cate-

gory 2 (hurricane wind scale, National Hurricane Center,

http://www.nhc.noaa.gov). The error frequency dia-

gram for the maximum intensity errors is displayed in

Fig. 1b. As may be expected, the maximum intensity

and axisymmetric primary circulation intensity errors

were positively correlated. However, the results in

Fig. 1 show that the latter errors had less bias for the

lower intensity hurricane cases. This result could be

attributed to the discrepancy between temporal and

spatial scales of the maximum intensity in the model

and observations, implying the presence of more

random errors.

The secondary circulation in the analysis also exhibi-

ted systematic errors both in intensity and structure.

Aksoy et al. (2013) show that themaximum amplitude of

axisymmetric radial inflow in the analysis had a large

negative bias (lower amplitude) relative to the Doppler-

based analysis; whereas the inflow depth exhibited

a positive bias (deeper than observed). Regarding the

temperature field, the analysis was characterized by a

notable bias relative to the assimilated flight level ob-

servations. The sign and strength of this bias was de-

pendent on the storm intensity. A significant positive

temperature bias (warmer than observed), of about 3K,

was associated with cases that had observed intensity

less than or equal to Saffir–Simpson category 2 hurri-

cane strength, whereas a smaller amplitude but sig-

nificant negative bias was characteristic of the major

hurricane cases. Similar results were obtained for the

humidity analysis, which exhibited significant positive

bias for the lower intensity storms and a slight negative

bias for the major hurricane cases, most notably in the

vortex eye region.

In summary, the inspection of systematic errors in

the final HEDAS analyses reveal some biases in the

estimates of vortex primary and secondary circula-

tion for the hurricane intensity cases relative to in-

dependent analyses using the same TDR observations.

Given that these observations constituted ;99% of

the observations in the analysis, and that the Doppler-

based analyses of the axisymmetric primary circulation

have a negligible bias (Reasor et al. 2009; Rogers et al.

2012), the results suggest that the background forecast

bias was the primary cause of the systematic errors in

the primary circulation analysis. A similar conclusion

applies to the analysis of the secondary circulation

with the caveat that the Doppler-based analysis of

this circulation is characterized by larger uncertainties

than the primary circulation as a result of the proper-

ties of observations (Gamache 1997). The systematic

errors in the temperature and humidity, relative to the

flight-level observations that were assimilated, also suggest

strong influence of the background forecast bias in the

assimilation.

3. Method of diagnostic analysis

The relationship between the short-term forecast

and data assimilation was evaluated in terms of the

evolution of kinematic and mass fields during sequen-

tial updating (cycling) of the state by HEDAS (Aksoy

et al. 2012, 2013). The diagnostic analysis was per-

formed using the prior (forecast) and posterior (anal-

ysis) state quantities in the vortex-relative coordinate

system. Eight cases for Hurricane Earl (29 August–

3 September 2010), and two single cases for Hurricanes

Bill (19 August 2009) and Gustav (30 August 2008)

were included (Table 1). The Hurricane Earl cases

captured several periods of evolution, from the tropical

storm to major hurricane intensity, including periods of

rapid intensification, quasi–steady state, and decay before

extratropical transition. The Hurricane Bill and Gustav

cases were selected as additional examples of periods of

intensification from hurricane-strength storms to major

hurricanes.

For the vortex-relative diagnostics, the prior and

posterior state at each analysis update was first trans-

formed into cylindrical coordinates with height-varying

location of the vortex center. The vortex centers were

computed for each state and level independently using

a vorticity-centric search algorithm. The state trans-

formation was performed by a linear interpolation

of three-dimensional wind and mass fields from the

model native georeferenced grid onto the vortex-

centric cylindrical grid consisting of 300 radial and

360 azimuthal coordinates with spacing of 1 km and

18, respectively. The vertical levels considered in the

analysis were as follows: 0.01, 0.05, 0.4, 0.6, 0.8, 1, 2, 3, 4,

6, 8, and 10 km. The variables used in the analysis

TABLE 1. Cases used in the analysis. The intensity is from the

NHC’s best-track estimate.

Case

index

Storm

name Verification time

Intensity

(m s21)

Assimilation

interval (h)

1 Earl 1200 UTC 29 Aug 2010 33.4 3 1 6

2 Earl 0000 UTC 30 Aug 2010 43.7 3 1 5

3 Earl 1200 UTC 30 Aug 2010 54.0 3 1 6

4 Earl 0000 UTC 31 Aug 2010 59.1 3 1 6

5 Earl 1200 UTC 1 Sep 2010 56.6 3 1 6

6 Earl 0000 UTC 2 Sep 2010 61.7 3 1 6

7 Earl 1200 UTC 2 Sep 2010 59.1 3 1 5

8 Earl 0000 UTC 3 Sep 2010 46.3 3 1 6

9 Bill 0000 UTC 10 Aug 2009 54.0 3 1 7

10 Gustav 1200 UTC 30 Aug 2008 54.0 3 1 5
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were as follows: tangential, radial, and vertical wind

speed (denoted y, u, and w, respectively), temperature

(denoted T), specific humidity (denoted q), and mini-

mum sea level pressure (MSLP). The following

primary diagnostics were computed using these vari-

ables:

1) Maximum of azimuthally averaged (i.e., the axisym-

metric) values of y at each vertical level, denoted

max(Vt). This diagnostic represents a measure of

intensity of the vortex primary circulation within the

eyewall region.

2) Maximum of y at each vertical level at any grid point,

denoted max(y).

3) Radius of maximum wind at each vertical level,

denoted rmw. This radius is defined as the radial

distance of max(Vt) from the vortex center.

4) Axisymmetric radial wind at vertical levels within the

PBL, averaged within the radial interval 1.5rmw$ r$

1rmw. This diagnostic is denoted Vr* and represents

a measure of strength of the radial component of the

secondary circulation in the vortex core.

5) Axisymmetric w . 0 at each level, averaged within

radial interval, 1.5rmw $ r $ 1rmw. This diagnostic

is denoted max(W) and represents a measure of

strength of the vertical component of the secondary

circulation associated with convection in the eyewall

region. Conversely, this diagnostic is a measure of

the convective activity in this region.

6) Radius–height fields of the axisymmetric wind com-

ponents (Vt, Vr, and W).

7) Depth of the inflow layer, defined here as the average

height at which the radial wind changes sign from

negative to positive. The average was computed in

azimuth and within the radial interval 1.5rmw # r #

1.0rmw. This diagnostic is denoted hPBL.

These diagnostics were computed for the prior en-

semble mean state and posterior mean analysis in each

cycle during the assimilation. As described in section 2,

the assimilation period consisted of 3 h of so-called

spinup from the initial condition that was derived from

the interpolated global ensemble analysis, followed

by 4–7 analysis cycles, each spanning a 1-h inter-

val, depending on the case. The diagnostics of the

prior mean states included the forecasts prior to the

data assimilation period, resulting in total of 7–10 di-

agnostic values, depending on the case. The number of

diagnostic analysis cycles for each case is shown in

Table 1.

In addition to the mean state diagnostics, the prop-

erties of ensemble-based background error correla-

tions were evaluated. As is well known, in EnKF data

assimilation, the background error covariance directly

impacts the state update by the observations. This

covariance represents a statistical estimate of the first-

order, or linear, relationship between variations in the

state that result from the state evolution during the

short-term ensemble forecast. As such, the background

error covariance include the effect of forecast model

representation of dynamical processes and the associ-

ated model errors. Consequently, the properties of

background error correlations could aid in diagnosing

the sources of background forecast error. In the current

analysis, the error correlations were computed in the

vortex-relative framework. This approach facilitated

the interpretation of the forecast errors in terms of

vortex dynamics without the influence of location errors.

Although the location errors could have an important

contribution to the background error covariance in

the analysis updates, especially in the early cycles as

shown in the study by Poterjoy and Zhang (2011), they

would have negligible influence on the dynamic errors

within the vortex, assuming the vortex environment

was similar among the ensemble members. This as-

sumption was satisfied in the experiments with HEDAS

because of the use of a fixed inner grid location and

a short forecast interval of 1 h. The assumption would

not be valid for the cases with a strong influence from

surface variability such as in the presence of land. The

diagnostic analysis in this study did not include such

cases.

For the error correlation analysis, the prior state of

axisymmetric wind components (Vt, Vr, and W), tem-

perature (T), and humidity (Q), and MSLP were first

computed for each ensemble member, resulting in an en-

semble of two-dimensional (2D) variables in the r–z-mean

coordinate system. The radial coordinate was then nor-

malized by the radius of maximum wind at each level

and independently for each ensemble member. In this

way, the axisymmetric state of each ensemble member

was represented in the same coordinate system for the

computation of correlations.

The analysis of correlations was primarily focused on

the relationship between variations of the primary cir-

culation and other variables. For this purpose, the error

correlation function was represented by a set of vertical

profiles of correlations between max(Vt) at a fixed lo-

cation (r*, z*) and another variable X(r, z) at several

vertical levels, including z*. The set consisted of the

vertical profiles for different radial locations for X(r, z).

Each axisymmetric variable (Vt, Vr, W, T, and Q) was

used for X. The representation of error correlations in

terms of the vertical profiles was used for ease of ex-

amining the vertical coupling of variations within the

vortex. The error correlation diagnostics are discussed in

section 4b.
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4. Analysis of systematic errors in the assimilation

a. Evolution of mean state in the data assimilation
cycling

1) PRIMARY CIRCULATION

For the cases of Hurricane Earl in which the final

HEDAS analysis produced a significant underestimate

of storm intensity with respect to the best-track estimate

and the Doppler-based wind analysis (the cases 4–7 in

Table 1), the evolution of max(Vt) and max(y) in Fig. 2

indicates that in each cycle the intensity of the primary

circulation systematically weakened at all heights in the

short-term forecast after the increase in the preceding

analysis update. In most cycles, the decline of the pri-

mary circulation intensity in the forecast was similar in

amplitude to the increase in the analysis update, espe-

cially when the increase was large. Such error in the

forecast led to virtually no net gain of the primary cir-

culation intensity in the assimilation. This result points

to a bias in forecast tendency in the form of spindown of

the entire primary circulation in the vortex core during

the assimilation for the hurricane intensity cases.

The vortex spindown occurred also during the period

prior to the data assimilation (the first three instances

of forecast in Fig. 2) for the same cases, relative to the

initial condition that was provided by the global en-

semble analysis. These analyses already contained strong

hurricane vortices as evident from the amplitude of max

(Vt) at the starting time. The results for Hurricanes Bill

and Gustav and the last case for Hurricane Earl (cases 8–

10 in Table 1) were similar to the results in Fig. 2 (not

shown). The consistency of short-term forecast spindown

tendency among different cases and for different initial

conditions suggest that the primary circulation intensity

decline was an inherent feature of the short-term forecast

for the high-intensity initial condition, irrespective of the

origin of initial analysis.

Unlike for the high-intensity cases, the evolution of

the axisymmetric primary circulation for the weaker

intensity cases of Hurricane Earl (cases 1–2 in Table 1) in

Figs. 3a and 3b shows that the intensity was increasing

at all cycles in the forecast throughout the assimilation.

Moreover, there were several cycles in which the analysis

update reduced the prior forecast value. On the other

hand, the amplitude of max(y) in Figs. 3d and 3e de-

creased in the forecast after an increase in the analysis,

but at a smaller rate. Such evolution in the cycling

resulted in a net gain of max(y) in the final analysis for

these cases. Not surprisingly, the result suggests that

the net gain in the axisymmetric primary circulation

was required for the maximum absolute intensity to

increase in the assimilation.

The primary circulation for the case of Hurricane Earl

when it was a minimal category 3 storm (case 3 in Table

1) exhibited an evolution in the assimilation (Figs. 3c,f)

that was a mix of weak and strong case behavior. For

example, there was no net gain, relative to the first initial

condition from the interpolated global analysis in either

max(y) or max(Vt) within the lowest 2 km until the very

last analysis update. The improvement in intensity was

obtained in the last analysis because of observations

within that cycle. An examination of the deterministic

short-term forecast after the assimilation showed, how-

ever, an immediate spindown (not shown). Similar re-

sults were obtained for the cases of Hurricanes Bill and

Gustav.

The overall impact of the spindown of the primary

circulation during the assimilation was evaluated using

the joint distribution of the change in circulation over

the 1-h forecast and the update in the preceding analysis

for all cases in Table 1 and all analysis cycles for each

case. The joint distributions for the change in max(Vt)

and max(y) are displayed in Fig. 4. The correlations

computed from these joint distributions were 20.86 for

max(Vt) and 20.79 for max(y). The large negative cor-

relation indicates that the loss of primary circulation

intensity due to the background forecast spindown was

large on average. The spindown was especially large for

the large updates in the analysis. To identify possible

causes of the spindown forecast bias the evolution of

pressure, storm size, and secondary circulation of the

mean state were analyzed.

2) MSLP AND RMW

The evolution of MSLP and rmw in the assimilation

revealed that for most cycles the spindown of primary

circulation in the forecast was associated with a decrease

in central pressure and vortex size in the core region.

Examination of radial structure of the pressure field (not

shown) indicated that the rate of pressure decrease was

slightly higher away from the center than at the center,

which resulted in a reduction of the radial pressure

gradient near the rmw. Such tendency in the pressure

field is consistent with a decrease in the gradient wind

above the PBL. The results did not provide evidence

that the spindown during the short-term forecast was

characterized by a systematic imbalance between the

primary circulation and mass field.

3) SECONDARY CIRCULATION

Analysis of the radial flow during the cycling was fo-

cused on the evolution within the PBL where the mag-

nitude is the greatest in the vortex core region. Similar to

the primary circulation results for the high-intensity

cases of Hurricane Earl, the analysis update and the
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change in subsequent forecast of the axisymmetric radial

wind (Vr*, defined in section 3) had the opposite ten-

dency (Figs. 5a–d): the strength of the radial flow was

decreased within PBL in the analysis updates and in-

creased in the forecast. Moreover, the radial inflow at

a height of 2 km was systematically changed toward

positive values at the analysis update, indicating that the

change from inflow to outflow at this height under the

influence of observations. Unlike for the primary cir-

culation, the weaker cases of Earl (Figs. 6a–c) in Table 1

FIG. 2. (from top to bottom) Evolution of maximum (a)–(d) axisymmetric tangential velocity and (e)–(h) tan-

gential velocity during cycling in HEDAS at the different vertical levels listed for high-intensity cases of Hurricane

Earl. (a)–(d) Cases 4–7 and (e)–(h) the cases shown in Table 1. The units are m s21. On the horizontal axis, I is the

starting time of the spinup period, F is the forecast, and A is the analysis instance at a frequency of 1 h.
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exhibited similar characteristics as the high-intensity

cases (cf. Figs. 6a–c and 5a–d). The consistency of evo-

lution of the radial flow during cycling among all cases

suggests that the vertical structure of the secondary

circulation within the PBL in the forecast was different

from the observed structure, irrespective of the intensity

and other properties for the different cases. Aksoy et al.

(2013) show that maximum amplitude of inflow was

underestimated with respect to the Doppler-based anal-

ysis for all cases. An examination of the inflow layer

height (the diagnostic hPBL, described in section 3) re-

vealed that the PBL in the forecast was significantly

deeper than in the analysis update. The frequency dia-

gram of hPBL for the prior forecast and posterior analysis

for all cycles of the Earl experiments is displayed in

Fig. 7. It is evident that the dominant inflow depth in the

forecast was around 3 km, with a skewed distribution

toward even higher values, whereas the distribution of

hPBL for the posterior analysis was more symmetrical

and centered at about 2 km. The bias in inflow layer

depth explains the persistent vacillations of Vr* at every

cycle toward and away from positive values, because the

reversal of the radial flow in the background forecast

was systematically occurring at higher vertical levels

than in the observations. The significant difference in

inflow layer depth and strength of Vr* between the prior

and posterior indicates that the forecast had a strong

tendency to recover to the erroneously deep PBL within

just 1 h. The observation-based estimates in J. A. Zhang

et al. (2011) show an inflow-layer depth of about 1.5 km

for the hurricane-strength TCs. The high bias of the in-

flow layer depth in the experimental HWRFmodel used

in the current study was also documented in Bao et al.

(2012).

The properties of the mean state evolution during the

cycling are further analyzed in terms of the vertical

FIG. 3. As in Fig. 2, but for (a)–(c) weak-intensity cases of Hurricane Earl and (d)–(f) cases 1–3 in Table 1.
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component of the secondary circulation. The evolution

of max(W) (defined in section 3) in the eyewall region

is displayed in Figs. 5e–h for the high-intensity cases, cor-

responding to the radial flows diagnostic in Figs. 5a–d and

the primary circulation in Fig. 2. The main property of

max(W) in cycling was that the values increased in the

forecast from exactly zero amplitude at initial times, in-

cluding the beginning of the spinup period and all analysis

updates. The zero value of vertical velocity at the analysis

update is a direct consequence of the HWRF model for-

mulation (Janjic 2003; Janjic et al. 2010). For this non-

hydrostatic model the vertical velocity is formulated

as a diagnostic variable that is advanced in the forecast

based on prognostic hydrostatic and nonhydrostatic mass

and horizontal wind variables. Such formulation implies

that an appropriate nonhydrostatic vertical motionwould

result from the other initial state and forcing, such as

convection, during a short-term forecast period.

The small amplitudes of max(W) in the forecast dur-

ing the data assimilation in Figs. 5e–h indicate that

neither the 1-h cycling period nor the 3-h forecast period

prior to the assimilation were sufficient to evolve strong

vertical motion that would be consistent with a mature

hurricane (W ’ 1–2m s21; Rogers et al. 2012). Unlike

during the initial period when the forecast evolved from

the hydrostatic large-scale analysis, the short-term fore-

casts during the cycling with observations were initialized

with nonhydrostatic horizontal wind, temperature, and

mass analysis. The analysis included the nonhydrostatic

state as was represented by the available observations,

the forecast background and background error covari-

ance. Clearly, such nonhydrostatic, mesoscale state was

not sufficient to support immediate development of the

strong vertical motion and convection in the eyewall for

the hurricane cases. In contrast to the strong hurricane

cases, the weaker intensity cases (the cases 1–2 in Table

1) exhibited a strong buildup of vertical velocity in the

eyewall during cycling with the observations as shown

in Figs. 6d and 6e. The amplitudes of max(W) at the end

of the 1-h forecast were about 2 times higher than for the

strong hurricane cases (Figs. 5e–h), and reached values

close to 1m s21 in some cycles. This result suggests that

the rate of buildup of the secondary circulation and

convection in the forecast during the assimilation was

inversely proportional to the intensity. We hypothesize

that such a relationship may arise from an inconsistency

of the secondary circulation in the analysis updates with

axisymmetric balance theory above the PBL (Shapiro

and Willoughby 1982).

In a recent examination of tropical cyclone intensi-

fication, Bui et al. (2009) demonstrated that a general

form of the Sawyer–Eliassen equation captures the

majority of the axisymmetric component of the sec-

ondary circulation in a three-dimensional model with

diabatic heating and frictional stress. In the PBL, where

the balance assumption breaks down and an inward

agradient force exists, the greatest departure from the

balanced calculations is found. In the data assimilation

FIG. 4. Joint distribution between the change in amplitude of tangential velocity at the analysis update (vertical axis) and during

subsequent 1-h forecast (horizontal axis) at the different vertical levels listed for all cycles of the cases in Table 1: maximum (a) tangential

velocity and (b) axisymmetric tangential velocity. Units are m s21 for both axes.
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experiments in this study the early transverse circulation

in cases 1–2 could have been a close approximation to

the balanced solution (above the PBL) consistent with

the weaker primary circulation and early frictional stress

and diabatic heating. Starting near such a balanced state

might promote the early positive feedback between the

intensification of convection and the primary circulation

against the negative momentum flux. In contrast, for the

FIG. 5. As in Fig. 2, but for (a)–(d) axisymmetric radial velocity Vr* and (e)–(h) vertical velocity max(W).

FIG. 6. As in Fig. 5, but (a)–(c) for weak-intensity cases of Hurricane Earl and (d)–(f) cases 1–3 in Table 1.
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cases with high initial intensity, from the perspective of

the balanced dynamics, a disconnect likely exists be-

tween the radial flow structure that is analyzed using

observations and the weak vertical motion and diabatic

heating that just start developing during the short-term

forecast. The short-term forecast then evolves toward

a state that is consistent with a mostly frictionally driven

secondary circulation. Consequently, the primary cir-

culation spins down through the impact of this negative

momentum flux in the PBL and outflow above it. In this

regime, the positive feedback between the primary cir-

culation and convection could also apply but in the op-

posite sense of the weaker intensity cases: the weakening

of the primary circulation was associated with suppressed

convection, which in turn led to less forcing from the di-

abatic heating over the short forecast period of 1 h.

It is beyond the scope of this study to investigate the

balanced solution and its use as a diagnostic tool in the

examination of the mean circulation in the data assimi-

lation cycling. This will be explored in future studies.

The results in this study strongly suggest, however, that

the spinup of vertical motion in the short-term forecast

during cycling was not adequate for the high-intensity

cases. This condition could be improved in the ensemble

data assimilation by including new variables in the con-

trol state that would more directly affect the evolution of

vertical motion during the cycling. A change of control

variables in HEDAS will be addressed in future studies.

To better understand the relationship between the up-

dates in the primary circulation, which was well repre-

sented through the observations in the assimilation,

and the vertical velocity, together with other variables

that impact its evolution, in this study we examined the

ensemble-based correlations using the axisymmetric re-

presentation of the state variables in the next section.

b. Analysis of background error correlations

A large majority of observations that were used in

HEDAS consisted of horizontal wind information, in-

cluding the flight-level and dropsonde horizontal wind

vectors, SFMR-based near-surface wind speed, and

a large volume of the Doppler radar radial velocities.

Such observations naturally had the largest direct im-

pact on updating the horizontal wind components above

the PBL during the cycling, whereas the other variables

were updated primarily by means of error covariance.

As shown in the previous section, the vertical velocities

were not updated in the analysis because of the model

formulation. In the vortex-relative coordinate system,

the observations projected mostly onto the primary

circulation because the significant transverse circulation

in the PBL was not well represented by the airborne

FIG. 7. Frequency distribution of inflow layer depth in the (left) prior forecast and (right)

posterior analysis during cycling in HEDAS for the cases of Hurricane Earl (cases 1–7 in

Table 1). The depth of the inflow layer is defined in section 3.
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observations. Only about 10% of observations were

available above a height of 7 km and less than that below

1 km (Aksoy et al. 2013). Consequently, the error co-

variance of the primary circulation with other variables

was considered the most significant to the update of

unobserved vortex-relative state variables in the assim-

ilation. In addition, because the ensemble covariance by

definition represents a statistical estimate of the linear-

ized relationship between the variations of variables

that results from dynamical evolution over the short-

term forecast period, examination of the properties of

the covariance between the primary circulation and

the other variables would aid in the interpretation of the

dynamical relationship between themwith respect to the

dominant forecast tendency bias such as the spindown.

In the following analysis, the correlations between the

axisymmetric primary circulation Vt at a fixed location

(r 5 rmw, h 5 1 km) with axisymmetric temperature,

humidity, and secondary circulation at several different

(r, h) locations are presented.

For the weaker-intensity cases, which were charac-

terized by an increase of the primary circulation in the

forecast (Figs. 3a,b), the correlations with humidity

were significant and positive in most regions and at all

heights, especially within the eyewall region (Fig. 8a,

for 0.5 # r # 2). Such a distribution of correlations is-

consistent with the expected dynamical coupling for an

intensifying vortex, where an increase in the pri-

mary circulation would be associated with an increase

of humidity in the eyewall region. The background

error correlations between Vt and temperature (Fig.

8b) were also consistent with the expected dynamical

coupling for the intensifying vortex. Higher (lower)

temperature in the eye was coupled with larger (smaller)

Vt. This coupling between the variations of tempera-

ture and the primary circulation was especially strong

above the PBL at heights above 2 km. In addition, the

correlations with temperature outside the eyewall (r . 1)

were positive above 1 km and negative below. This

result implies that the increase in the primary circu-

lation for the intensifying regime in the short-term

forecast was associated with increasing temperatures

above 1 km and decreasing temperatures below in

the areas outside of the eyewall, which may have been

FIG. 8. Forecast-error correlations between axisymmetric tangential velocity Vt at the fixed location (r 5 rmw, h 5 1 km) and

(a),(d) axisymmetric humidity, (b),(e) axisymmetric temperature, and (c),(f) tangential velocity at different heights (vertical axis) and

radii listed in the legend, for (top) weak and (bottom) strong intensity cases of Hurricane Earl. The diagnostic quantities used for com-

putation of correlations are described in section 3.
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related to vertical mixing in the presence of convection

in these regions.

The error correlation between the primary circulation

and temperature and humidity for the high-intensity

cases was smaller and of the opposite sign relative to the

weaker cases inmost regions (Figs. 8d,e). The reversal of

the sign of correlations implies that the analysis update

of the same sign in the primary circulation was associ-

ated with an update of temperature and humidity that

was of the opposite sign between the strong and weak

cases. It follows that an increase in primary circulation

intensity by the impact of observations at the analysis

update was associated with cooling and drying for the

high-intensity cases and warming and moistening for the

low-intensity cases.

Because the primary circulation was systematically

weakened during the short-term forecast for the high-

intensity cases (Fig. 2), the anticorrelated coupling be-

tween the variations of this circulation and temperature

and humidity indicates that the erroneous forecast ten-

dency (the tendency bias) caused positive feedback of

errors in the cycling, which could not have been cor-

rected by the wind observations alone. This hypothesis is

consistent with the weak negative temperature bias in

the final HEDAS analysis for the major hurricane cases

(shown in Fig. 16c in Aksoy et al. 2013). Similarly, the

higher positive error correlations in Figs. 8a and 8b for

the weaker hurricane cases, are consistent with the

strong warm bias in the final analysis for these cases

(shown in Figs. 16a,b in Aksoy et al. 2013).

Regarding the dynamical mechanism of the spindown,

the sign of the error correlations with temperature to-

gether with the condition that the spindown of the pri-

mary circulation was occurring in all ensemble members

for the high-intensity cases, suggests that a decrease of

temperature outside the eye region may have caused

reduction of vertical momentum flux. The profiles of

correlation between Vt(r 5 rmw, z 5 1 km) and Vt(r, z)

within the vortex core indicate weaker vertical and ra-

dial coupling of momentum for the strong cases (Fig. 8c)

relative to the weak cases (Fig. 8d).

Examination of error correlations of the primary cir-

culation with the vertical velocity for the high-intensity

cases (not shown) suggested overall weak coupling be-

tween these fields during the spindown. The weak error

correlations, less than 0.1 at heights above the PBL in-

dicated that the vertical motion that was associated with

delayed developing of convection did not have much

influence on the primary circulation. In summary, the

examination of background error correlations between

the axisymmetric primary circulation and temperature,

humidity, and vertical velocity in the vortex-relative

framework indicated a dependence of these on the

background forecast tendency bias. The results suggest

that the spindown tendency error was reinforced during

the cycling for the strong hurricane cases likely due to

inconsistency of the secondary circulation in the analysis

updates with the imposed strong primary circulation,

coupled with the thermal and moisture biases that were

not favorable to enhancing the evolution of secondary

circulation during the short-term forecast.

5. Summary and conclusions

The encouraging results of prior studies on the impact

of tropical cyclone (TC) vortex-scale assimilation of

Doppler radar observations using the ensemble Kalman

filter (EnKF) technique on intensity forecast skill sug-

gested that improving the initial conditions at these

scales with advanced data assimilation technology and

high-resolution observations holds significant potential

for making progress on the TC intensity forecast prob-

lem. To expand on that potential it is desirable to better

understand the properties and sources of the uncertainty

in the EnKF data assimilation at TC vortex scales with

the high-resolution models.

In this study, we focused on the properties and origin

of the systematic error component of the uncertainty

with a special emphasis on the impact of background

forecast bias during the assimilation. The Hurricane

Weather Research and Forecasting (HWRF) Ensemble

Data Assimilation System (HEDAS; Aksoy et al. 2013)

was used. Unlike in the prior studies, this system was

applied to all airborne observations from research and

operational aircraft that were transmitted in real time,

including the airborne Doppler radial wind speed, as

in the prior studies, but also stepped-frequency micro-

wave radiometer surface wind speed, and flight-level and

dropwindsonde temperature, humidity, and wind mea-

surements. Evaluation of the performance of HEDAS

for 83 cases from 2008–11 using these observations is

presented in detail in Aksoy et al. (2013). It was shown

that overall HEDAS produced realistic analysis of TC

states at vortex scales. HEDAS analyses were signifi-

cantly better than the prior state without data assimila-

tion. However, some systematic errors were identified in

the analyses with respect to independent observation-

based estimates. Most notably, relative to the independent

Doppler-based wind analysis, the axisymmetric primary

circulation intensity was underestimated for hurricane

intensity cases and the secondary circulation was sys-

tematically weaker for all cases. Systematic errors were

also noted for the estimates of temperature and hu-

midity relative to the flight-level observations.

The analysis in this study of the evolution of the vortex

state during the assimilation through cycling with the
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observations shows that the low-intensity bias in the

primary circulation for the hurricane cases was caused

by the spindown of the entire vortex core circulation in

the short-term forecast in each cycle. The spindown

tendency was highly correlated with the intensity in-

crease in the analysis updates with the observations,

implying that the stronger intensity cases were associ-

ated with the largest loss of intensity in the short term

forecast. The reoccurrence of spindown in the back-

ground forecast consequently resulted in virtually no net

gain of the primary circulation intensity during the as-

similation for the major hurricane cases. The spindown

was also present in the ensemble forecasts prior to the

beginning of assimilation, whenever the downscaled

initial state from the global analysis already had a high-

intensity vortex.

The spindown dynamical bias was associated with in-

adequate secondary circulation in the short-term fore-

cast. Both the radial and vertical components of the

secondary circulation were significantly weaker in these

forecasts than expected for the strong primary circula-

tion with observed organized convection. Consequently,

the primary circulation could not be sustained. The

diagnostic analysis indicates that the weak secondary

circulation was the consequence of a combination of

factors. First, the observations in the assimilation had

limited information about the secondary circulation.

Second, the forecast model exhibited a tendency to

quickly recover to an erroneously deep PBL, implying

a negative impact of too much vertical mixing on the

structure of the radial circulation. Third, the short-

range forecasts were initialized with zero vertical velocity

in the assimilation cycling because of the standard for-

mulation of the HWRF nonhydrostatic governing equa-

tions. The short forecast length during the assimilation

did not allow enough time for the convection and the

associated vertical circulation to develop completely. The

development of vertical velocities was especially sup-

pressed during the assimilation for the major hurricane

cases. The influences of these factors were likely depen-

dent on each other, implying that the systematic errors of

in the forecast tendency were in a positive feedback with

the systematic errors in the state.

The analyses of background error correlations of the

axisymmetric primary circulation with the temperature

and humidity revealed that the sign of correlations was

dependent on the dynamical regime in the background

forecast. The correlations were negative when the pri-

mary circulation was spun down and positive in the

opposite regime. This result implies that in the analysis

updates the increase in the primary circulation tended to

cool and dry the vortex state for the high-intensity cases

and warm and moisten the weak-intensity cases. These

results are consistent with the temperature and humidity

biases in the final analysis. The dependence of correla-

tions on the forecast tendency indicates that the system-

atic errors of poorly observed quantities were strongly

linked to the forecast tendency bias. The quantities that

were poorly observed were temperature, humidity, and

secondary circulation especially in the PBL.

Considering that currently available observations are

limited regarding the state of the secondary circulation

within the TC vortex, the results recommend including

the additional constraints in the vortex-scale data as-

similation, such as the Sawyer–Eliassen equation above

the PBL, to improve the representation of the sec-

ondary circulation and the associated initial forecast

tendency. In addition, more observations of tempera-

ture and humidity are desirable in order to reduce the

background state biases, including the impact of those

on the background error correlations. Improvements to

the model used in the data assimilation are expected to

also have positive impact on the analysis, together with

advances in data assimilation aspects. These could in-

clude adjustment of spatial localization scales to reflect

properties of multiscale vortex structure, and use of

additional control variables that would directly in-

fluence the secondary circulation. Future studies with

HEDAS would include testing the impact of these

factors.

Regarding the impact of vortex-scale data assimilation

on the prediction of TC intensity using high-resolution

models with EnKF or similar techniques, the findings in

this study indicate that the systematic errors in the anal-

ysis that are linked to the forecast tendency bias would

lead to the short-term forecast bias after the assimilation

for the same reasons. The findings of weak or no im-

provement of short-term forecast skill in prior studies

could be explained in terms of such bias.
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