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ABSTRACT

Operational primitive equation models often predict hurricane tracks that lie to the right of the 
observed motion. Such a bias in the National Meteorological Center’s Quasi-Lagrangian Model 
(QLM) is most pronounced for the storms that moved westward. It is shown that a westward 
displacement of the storm’s circulation in the initial analysis significantly contributes to this 
erroneous motion to the right of the observed track in the QLM.

A procedure to reduce this bias for westward moving storms is presented. It consists of 
imposing a secondary circulation (a dipole) over the initial storm area. The cyclonic (anticy- 
cIonic) lobe of the dipole is centered to the south (north) of the observed track. The use of this 
dipole procedure resulted in a substantial improvement in the forecast track throughout the 72 
hour period in several cases.



1 Background

The Quasi-Lagrangian Model (QLM) of the National Meteorological Center (NMC) provides 
numerical track forecast guidance for tropical storms in the Atlantic Ocean, the Gulf of Mexico, 
and the eastern Pacitic Ocean. The QLM is integrated in the cases of rapidly developing 
depressions, tropical storms and hurricanes. We are not concerned here with the forecast of a 
tropical cyclone’s intensity. A storm in this paper refers to a disturbance in any of the above 
stages of a tropical cyclone.

The QLM employs a set of primitive equations with o (= pressure / surface pressure) as a 
vertical coordinate, a horizontal grid of 111 x 111 points with a 40 km spacing, and 16 vertical 
layers. The center of the grid coincides with the initial position of the observed storm. Because of 
lack of observations near a storm’s center, a storm’s circulation is often not well analyzed 
operationally. Therefore, an idealized symmetric vortex whose structure depends on five 
parameters (the central pressure pc, pressure of the outermost closed isobar pb (reckoned with a 
precision of 1 mb), mean distance rmM (which is also referred to below as the size or radius of a 
storm) of the outermost closed isobar from the center, storm center latitude clal and longitude 
cion ) is merged into the NMC’s Global Aviation (AVN) analysis to simulate a storm in the 
QLM’s initial state. These parameters are derived by the National Hurricane Center (NHC) from 
their analysis and are transmitted to the NMC. The idealized vortex has a warm core and nearly 
the same size and intensity as the observed storm (except that the central pressure is set to 970 
mb whenever pc is less than this value because large gradients can not be prescribed well with 
the use of a 40 km grid spacing). The winds are cyclonic in the lower and middle troposphere 
and anticycIonic in the upper troposphere. The vortex and the AVN analysis are first projected 
separately on the QLM grid and then merged using the relation:

xm = wXv + (l-w)Xa

where, X is one of the variable (a horizontal component of the wind, the virtual potential 
temperature, the mixing ratio, or the surface pressure). The subscripts m, v and a denote a field in 
the merged data, vortex and analysis, respectively. The vortex is projected so that the vortex 
center coincides with the center of the QLM grid. The weight function w is given by:
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n r
w = cos

2 r„
r < r„

w = 0 otherwise.

Here r is the distance from the observed center. The lateral boundary conditions for the QLM are 
derived from the AVN model’s forecast on the o surfaces. A description of the QLM is given in 
Mathur (1983, 1991) and the specification of the initial vortex including the merging procedure 
is provided in Mathur 1988.

During the 1988 hurricane season, no systematic bias in the QLM forecast storm tracks was 
noticed for the storms that moved northward or northeastward. However, the predicted track was 
located to the north of the observed track in many cases where the observed motion of a storm 
was towards the west (between angles 210° and 310° reckoned clockwise from the north). The 
erroneous northward drift generally occurred in the first 24 hours of a forecast. It should be noted 
that the operational position of the storm center that was provided by the NHC for the QLM 
forecast is referred to as the observed storm center throughout this paper.

As an example, we show (Fig. 1.) the observed and predicted track of hurricane Gilbert for 
the initial time 12 GMT 10 September 1988. The QLM uses the maximum relative vorticity at 
850 mb as the locus of the storm’s center. The storm in the model forecast moved north-north
westward in the first 24 h, then, at later times, nearly paralleled the observed track. The 
northward drift of storms has also been noted in other tropical cyclone models (e.g., see Hodur 
1989, and Iwasaki et al. 1987.)

The northward drift of storms due to the variation in the Coriolis parameter has been 
investigated in several studies. Rossby (1948) suggested that an initially symmetric cyclonic 
vortex would accelerate to the north on a p - plane due to the differential strength of the Coriolis 
parameter. As a refinement of this conception, the barotropic studies of Chan and Williams 
(1987) and Fiorino and Elsberry (1989) suggested that an initially symmetric vortex is first 
distorted by differential advection of earth’s vorticity which sets up a pair of counter-rotating 
p -gyres, a cyclonic gyre is developed to the west and an anticyclonic gyre to the east of the
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vortex center. The vortex is then advected by the flow associated with the gyres. The net effect 
is for an initially symmetric vortex to move north-westward in the northern hemisphere. This so 
called fi-drift (where p = df/dy ) increases with the size of the storms.

Mathur (1986,1987) conducted several experiments to further study the motion of storms 
utilizing a 10 layer version of the QLM. A grid spacing of 40 km, and idealized initial vortices of 
different size and intensity with or without a zonal basic current were used. The initial vortex 
intensified into a hurricane in all cases. (The integration were carried out to 120 h for no basic 
current cases and to 72 h for uniform basic current cases). The northward displacement when 
averaged over the entire forecast period was greater for a larger (and/or stronger) initial vortex 
than for a smaller (and/or weaker) initial vortex. Thus, the northward drift depended on both the 
size and the intensity of the initial vortex.

On the other hand in the operational QLM forecasts, a larger and stronger storm (Hurricane 
Gilbert, Fig. 2), drifted less northward than a smaller storm (Tropical storm Joan, Fig. 3). In view 
of the experimental studies cited above, this difference in the northward drift can not be 
explained solely by the variation in the Coriolis parameter.

We therefore examined the AVN analysis (interpolated to the QLM grid) as a possible cause 
of the spurious northward drift. The center of the storm circulation in both cases considered 
above is located to the west of the observed center (Fig. 4). Recall that the QLM’s initial state is 
designed so that the center of a storm coincides with the observed center. When a storm’s center 
is displaced in the analysis, a part of the symmetric component of the analyzed circulation will 
appear as an asymmetric circulation over the central vortex area in the merged state. This 
asymmetric circulation may steer the storm model vortex. The displacement is larger and the 
analyzed southerly winds over and near the observed center area are stronger in Joan than in 
Gilbert (Fig. 4). Therefore a greater northward displacement is anticipated in the Joan case than 
in the Gilbert case. The QLM predicted storm tracks depicted in Figs. 2 and 3 demonstrate that 
this was the case.

Other case studies also suggest that the erroneous northward drift of the storms in the QLM is 
largely due to a systematic westward displacement of the cyclonic circulation in the analysis 
relative to the observed storm center. As a consequence of this displacement, a southerly flow is
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analyzed over the observed storm location. Such a westward displacement of tropical distur
bances in the NMC operational analyses has been noted by C. J. Neumann and S. Lord (personal 
communications).

One may therefore anticipate that the erroneous northward drift in the QLM for westward 
moving storms should be reduced by decreasing a storm’s location error in the AVN analysis. 
Andersson and Hollingsworth (1988), and M. Ueno (personal communication) have attempted to 
improve the structure and location of storms in a global analysis by introducing bogus soundings 
in the region of storms. The bogus data are derived from an empirical symmetric vortex 
representing the structure of a mean hurricane that has been adjusted based on a few observed 
parameters. Different specifications of the vortex and levels for inserting bogus data are used in 
the two studies. In the Andersson and Hollingsworth study, the first guess-fields (six hour 
forecast from the previous cycle) truncated at T20 are added to the bogus vortex to represent the 
large-scale circulation. Because of the coarse global analysis grid spacing (of the order of a few 
hundred kilometers), storm location errors can be more than 100 km even with the use of bogus 
data.

Procedures to reduce the storm location error to a tolerably small value (ideally zero) in the 
AVN analysis have not yet been developed. We have therefore considered techniques to 
compensate for the location error and thus reduce the northward drift in the model track 
predictions. Use of a method in which a dipole was imposed on the idealized vortex led to a 
substantial improvement in forecast tracks. The dipole is described in section 2, and results 
showing improved track forecasts are presented in section 3. In contrast to some earlier reports 
(e.g., Pike 1972) where a uniform steering current is imposed, our procedure is more general, the 
current varies in the horizontal and the variation is controlled by a few parameters.

2 Specification of a dipole

We superpose a secondary circulation resembling a dipole over the primary symmetric vortex. 
The free parameters appearing in this description will be related to analyzed storm parameters in 
the next section. The dipole is specified in a Cartesian coordinate system (X,Y) with the origin 
at the storm s center. The negative X axis is directed along an angle y measured clockwise from 
the axis Y', where {X' , Y' ) are the coordinate axes on the QLM grid (see Fig. 5). The
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maximum dipole wind speed, umiX, is at the observed vortex center and is directed along the 
negative X axis. The anticyclonic (cyclonic) circulation center of the dipole is located along the 
positive (negative) Y axis.

The stream function that describes the dipole perturbation is:

V = A. exp {-(a|jc | + fc|y|)} sin(y//) (1)

where a, b, 1, and A are disposable parameters, x and y are the distances along the coordinate axis 
X and Y respectively. Differentiating Eq. (1) with respect to y and x gives, respectively, the 
velocity components directed along and perpendicular to the dipole axis.

u = - A exp {-(a|x | + 6|y|)} {-by/\y\ sin(y/l) + cos(y/l)/l) (2)

v = - A exp {—(a |jc | + 6|y|)} ax/\x\ sin (y/l) (3)

Since the maximum u-component of the dipole velocity is at the storm center, (x=0, y=0),

max = -A/l . (4)M

Since the dipole streamfunction is constant (zero) along the coordinate values y = ru I (for 
integer n), the y-component of wind vanishes along these coordinate lines. For n=l, |y| = * 1, and 
the u-component takes the value at x=0

u<dg' = A exP (~bnl) H .

This equation may be rewritten as an expression for b

b = - *n{|lutdgJA |}/ l n . (5)

The parameter L is defined such that at x=0 and y=L (or -L) both u and v are zero, i.e., the
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coordinates (0,L) and (0,-L) define the centers of the dipole lobes. Evaluating (2) at the dipole 
lobe centers gives the formula

tan (L/l) = 1 tbl (6)

A simple expression for b results from inserting (4) into (5)

h = - ln {k*X,J} / l * (7)

Substituting (7) into (6) provides a simple expression for 1

I = - L / tan'1 {nl\n\uedgJumJ} (8)

The adjustment in the height field (z) required by the insertion of the dipole stream function is 
specified as a simple geostrophic increment to the primary vortex height field

* -N/g ,

where g is the acceleration due to gravity.

In summary, the analytic perturbation dipole has five free parameters: a, b, A, 1 and y. It was 
convenient to specify a, y , L , umiX, and «^e, and compute 1 from (8), A from (4), and the 
attenuation factor, b, from (7).

The original purpose of the present work was to use a dipole to impose steering winds based 
on observed motion (persistence) over the idealized vortex on the QLM model grid. A dipole 
was selected for two reasons: (1) to study the impact of nonuniform steering current on the 
motion of storms. We envisioned that a current (having nearly the same direction as the observed 
storm motion) in a narrow zone (zonal width of the order of rm„) with the maximum wind at the 
storm’s center may give most improvement in track forecasts. Note that the horizontal variation, 
the strength, and the width of the current can be adjusted by a suitable choice of all or some of 
the five parameters. The variation in the vertical can be taken into account by using vertical 
weighting functions. (2) The use of a dipole may reduce the northward motion of westward
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moving storms because the relative vorticity in the dipole is negative to the north and positive to 
the south of the storm center in these cases. The change in relative vorticity due to the advection 
of the dipole relative vorticity by the symmetric storm winds is thus of an opposite sense to the 
change due to the advection of planetary vorticity.

Because only limited computer resources were available, it was not possible to study the 
impact on the forecast track of varying each free parameter while keeping the remaining 
parameters fixed. Instead, a narrow steering current zone was specified by setting a and u^ as a 
fraction of b and uma respectively, and specifying L as a value smaller than rmix. Various values 
of umiX between 2 and 25 m/s and of y within 40° of the observed storm motion were used. Only 
the three cases of Figs. (l)-(3) were considered. In an experiment y was set to the observed 
direction of a storm, and was evaluated so that the mean wind over a circular area of radius L 
matched the observed storm speed. Although this general procedure did improve the forecast, a 
comparison of experimental results showed that a fixed value of y of 270° and um„ specified by 
Eq. (9) yielded the best forecasts for the westward moving storms (observed motion between 
210° - 310° ). Attempts are currently underway to optimally tune the parameters for the general 
dipole case. The remainder of this paper is concerned with the experimental design and 
numerical results corresponding to y fixed at 270°.

a. Dipole parameters

The above experiments also showed that the reduction in the northward drift of a storm with 
the use of a dipole depends on the strength and the width of the easterlies (case y = 270°) 

between the dipole lobes. This dependence may be expected as the advection of the vortex 
would depend on the width and strength of the steering current (see also section 3b). The 
northward drift in the 1988 operational QLM forecast cases was large for storms that were small 
in size and for those that were located at low latitudes. The empirical relations for umax in (9), 
and L in (10) were formulated taking the above dependence of drift on the latitude and size of a 
storm. The numerical coefficients were determined as optimal values for reducing the drift in 
three cases in Figs. 1-3.

, u€dge, a and L were defined by the following relations.
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«■» = C/(clal RR) (9)

a = 0.6 b .

L = MIN ( - 50,600) . (10)

Here C = -136000 km m/s, RR = MAX ( rm„ , 500). Here /-m„ is expressed in kilometers. 
Noise developed in a few 72 h forecasts where a value of umiX less than - 20 m/s was used. 
Therefore, umiX is set to -20 m/s, if it is less than this value.

Use of a value of L greater than 600 km for a storm with rmiX larger than 650 km (e.g., 
Gilbert) resulted in excessive southward displacement of the forecast center, an upper limit of 
600 km is therefore assigned to L.

With the above specifications, the wind over the storm center is from the east. The easterlies 
decrease in all directions from the center, and eventually change to westerlies to the north (south) 
of the anticyclonic (cyclonic) lobe centers. The velocity and height fields of the dipole in the 
idealized vortex area (i.e., within a radius rmiI of the observed storm center) were added to the 
QLM initial state in all vertical layers. It is shown in section 3a that the predicted storm direction 
in the QLM has nearly zero correlation with the direction of asymmetric winds above 500 mb. 
Note that the initial asymmetric wind consist of a vector sum of the dipole wind and the 
asymmetric component that is derived from the analysis as a result of merging of vortex into the 
analysis. In a very few cases, the QLM was also integrated using a weighted dipole, where the 
weight was set to 1 up to level 10 (o = .472), and then linearly reduced upward with a value of 
0.2 at the top most layer. The forecast using the weighted dipole was not significantly different 
from the case when weights are set to unity at all levels.

An example of a dipole structure is provided in Fig. 6. The dipole stream function (1) for 
Gilbert on 12 GMT 14 September ( = 740 km) is shown in Fig. 6a. The winds at 850 mb
without a dipole (Fig. 6b) are nearly axisymmetric. The imposition of the dipole (Fig. 6c) results 
in stronger winds to the north and weaker winds to the south compared with the case without a 
dipole.
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3 Numerical results

Results from 72 h integrations of the QLM with a dipole for nine cases in which a northward 
drift was predicted in the operational QLM are now considered. It is shown that a significant 
improvement in forecast mean track errors is obtained with the use of a dipole (section 3a). 
Predictions for three representative cases are also presented (section 3b-3d). Operational 
implementation of the dipole procedure is discussed in section 3e.

a. Mean track forecast errors

The QLM was integrated using a dipole for the cases in which the observed storm motion was 
towards the west (between 210° and 310° ) and the AVN forecasts that are required for the QLM 
lateral boundary conditions were available. A list of these cases with the observed and predicted 
(without a dipole) motion of storms during the first 12 h are presented in Table 1. The analyzed 
winds averaged over square areas inscribing circles of radii of rmajt, 2 rm„ , and 3 rmM for the 
initial time are also shown. The vertical averaging was carried out using only the data for layers 
1 (a = 1) to 10 (a = .472), because we have noticed that the motion of storms in the QLM has 
nearly zero correlation with winds above the 500 mb level. For example, we have examined the 
predicted asymmetric part of the wind over the central storm area (of radius 2-3° latitude) in a 
few cases at different forecast hours. The direction of asymmetric winds below 500 mb is often 
within 20 - 30° of the predicted direction of storm motion, while the wind direction above 500 mb 
differed by nearly 180° from the predicted storm motion.

Inspection of Table 1 reveals two points of interest. First, note that the direction of QLM 
vortex motion is correlated more with the 1 rmiX average analyzed wind direction than with the 2 
rma or 3 rmiX averages. This is consistent with the non-divergent barotropic model results of 
Smith et al. (1990) in which the environmental wind averaged over the innermost of the 
0-1°, 1-3°, 3 - 5°, 5 - 7°, latitude annular regions (centered on the vortex vorticity center) 
yielded the best agreement with the motion of the vorticity center. Secondly, the observed 
motion is in closer agreement with the 3 rmiX average analyzed wind direction except in the 
cases when the difference between the observed and predicted direction of motion is small. In 
the latter cases, both directions are close to the 1 rmaI average. The difference between the 
vortex speed in the QLM and the average analyzed 1 rmkX speed is generally 2 m/s or less. This
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implies that the QLM vortex may be steered by its immediate model environment, at least in the 
first 12 hours, whether or not it is a correct representation of the real atmosphere. When the 
observed direction of storm motion does not agree with the 1 r^ average then one can 
anticipate that the model vortex will drift significantly from the observed storm track.

The mean QLM forecast track error is significantly reduced by including a dipole perturbation 
to the wind and pressure fields (Table 2). The greatest improvement in the storm track occurs at 
72 hours where the mean error was reduced by 228 km. The mean error is reduced with the use 
of the dipole in the three representative cases by 228 km at 24 h, 128 km at 48h, and 194 km at 
72 h. The reduction in mean error is also large in the rest of the six cases (independent sample), it 
is 148 km at 24 h (6 cases), 156 km at 48 h (5 cases), and 261 km at 72h (3 cases). Since some of 
the storms dissipated before 72 hours, the number of cases considered decreased with time.

An improvement in the forecast track with the use of a dipole occurred in all cases when the 
entire forecast period (72 h) is considered. However, the improvement differed considerably 
from one case to another. The largest improvement resulted for the case of Gilbert 12 GMT 10 
September (Fig. 1), and the smallest improvement in the case of Joan 12 GMT 12 October (Fig. 
3). A discussion of three track predictions including these latter two cases is now presented.

b. Case 1 : Gilbert 12 GMT 10 September 1988

As noted above, the storm’s center in the operational QLM forecast (a case without the use of 
a dipole) for 12 GMT 10 September drifted northward in the first 24 hours (Fig. 1). Thereafter 
the center paralleled the observed track so that the track forecast errors were nearly constant at 
about 250 km during the 12 to 72 h period. The predicted track was located much closer to the 
observed track during the first 48 h when a dipole was used. Although the storm moved more 
rapidly towards the northwest in the forecast than indicated by the observations after 48 h, the 
location errors still remained smaller. Notice that the time and location of landfall over Jamaica 
are predicted well when the dipole is included.

c. Case 2 : Gilbert 12 GMT 14 September

The forecast speeds of the storm both without and with the dipole included were slower than 
observed during the first 12 hours (Fig. 2). The center was located very close to the observed

10



center at 24 and 36 h in the forecast including the dipole, whereas the storm center is about 200 
km to the east of the observed center at these hours in the forecast without the dipole. Gilbert 
was observed to drift towards the northwest after 36 h; this drift began after 24 h in forecast 
without the dipole and only after 48 h with the dipole. Consequently, the storm center at 48 h in 
with (without) the dipole is located to the south (north) of the observed center. The time and the 
location of landfall over Mexico are better predicted with the dipole compared to without the 
dipole.

Further insight into the behaviour of storm with and without a dipole can be gained by 
comparing the terms in the vorticity equation in the two cases. Neglecting the diffusive terms 
the tendency equation for relative vorticity (pressure cordinates) may be written as:

dt dx
+ v

-k + n (
/ dv1 do) 
\ dp dx

du' <V\ 
dx dy)

du' do>\ 
dp dy) V

dy

Here £ is the vertical component of relative vorticity, / is the Coriolis parameter, w is the 
vertical p-velocity, and u' and v' are horizontal components of wind in the QLM coordinate 
system. The total tendency is the sum of five terms on the right hand side; these terms are the 
horizontal and vertical advection of vorticity, divergence, twisting and p - term respectively.

Here

P = V
dy

In an observational study Chan (1984) showed that tropical cyclones nearly move along the 
axis connecting the vorticity tendency minimum behind the storm to the vorticity tendency 
maximum ahead of the storm. The total tendency at 6h in the dipole and no dipole cases at 850
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mb (Figs. 7a and 7c) shows that the minimum to maximum value axis is oriented east-west in the 
dipole case, and southeast-northwest in the no dipole case. The orientation of this axis in the 
horizontal advection term (the location of maximum and minimum centers are shown in the 
above figures) is nearly the same in both forecasts. Note that in both cases the two minimum 
centers (total and horizontal terms) nearly coincide, but the maximum center in the total 
tendency field is displaced to the south of the corresponding center in the horizontal advection 
field. This displacement of the maximum center is related to the location of the maximum in the 
stretching term to the southwest of the storm center (Figs. 7b and 7d). The maximum value in 
the horizontal advection field is 213 (units: ter10 s'2) in the dipole case and 232 in the no dipole 
case. The stretching term is of nearly the same magnitude as the horizontal advection term in the 
dipole case but is smaller in the no dipole case. The contribution from other terms to the total 
tendency is relatively small except that for the vertical advection term. The maximum in 
vertical advection term (not shown) in both cases has nearly the same magnitude as the minimum 
of the stretching term and the two centers nearly coincide. The location of the minimum in the 
total tendency is therefore not much displaced from the corresponding location of the minimum 
in the horizontal advection field in both predictions, and the maximum center in total is located 
closer to maximum center of the stretching term in the dipole case than in the no dipole case.
The distribution and magnitude of the various terms are not the same in the two cases, and the 
stretching and the vertical advection term contribute more to the motion of the storm in the 
dipole than in the no dipole case.

d. Case 3 : Joan 12 GMT 12 October 1988

The operational QLM forecasts for Joan from the initial times 00 and 12 GMT between 12 
October and 23 October showed that an excessive northward drift occurred in many forecasts 
between the 12th and 17th. AVN forecasts needed for QLM boundary conditions were available 
in only two of these cases. The two cases are included in the mean forecast error comparison 
(Table. 1), and one (12th October) is discussed below.

This storm drifted northwestward in the QLM integrations (Fig. 3) without and with a dipole. 
The forecast track errors are ,however, reduced throughout the 72 h period with the use of the 
dipole. The predicted tracks are parallel after 24 h, which suggests that the inclusion of a dipole 
impacted the forecast only during the first 24 h.
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Joan also drifted northwestward in the AVN model’s 36 h forecast (Fig. 8a) and at 72 h (Fig. 
8b). The centers of the storm at these hours in the AVN and the QLM are close to each other. We 
conclude from this comparison that the extended northward drift in this case is due to errors in 
the analysis over a very large area surrounding this storm.

e. Operational implementation

The inclusion of the dipole procedure operationally is likely to provide an improved forecast 
track guidance in cases where a storm circulation is displaced in the analysis. Since there is 
currently a systematic westward bias in the analysis, we have restricted our attention in this 
paper to compensating for this particular problem. However, recent experiments performed with 
the QLM indicate that a significant improvement in storm track prediction can be attained in 
most cases with the application of a generalized dipole (Mathur 1991).

It should be noted that the analyzed circulation sometimes appears only as a trough. The 
displaced circulation often has a vertical tilt, and the maximum displacement often occurs at a 
higher level (usually 700 or 500 mb level). Because the structure of the displaced circulation 
(closed circulation or a trough, orientation of the trough axis associated with the circulation, and 
vertical tilt), and the distance of its center (or trough axis) from the observed center vary greatly 
from case to case, a satisfactory numerical procedure could not be developed to diagnose 
whether a storm is displaced in the analysis.

During the 1988 hurricane season, a westward moving storm drifted northward in the QLM 
forecast in a very large number (about 90%) of cases. The dipole procedure (section 2a) was 
therefore implemented for the 1989 season, since its inclusion is likely to improve the forecast 
track in a majority of westward moving storm cases. The NHC provided the expected direction 
of motion and speed of a storm in addition to the five parameters listed in section 1. A dipole was 
used if the direction was between 210° - 310° and the speed was greater than 1 m/s (It was 
anticipated that the latter requirement would exclude nearly stationary storms that are likely to 
recurve). The QLM without a dipole was run in parallel to the operational QLM (with dipole) in 
many 1989 westward moving storm cases. The forecast with the use of a dipole were superior to 
those without a dipole in a majority of cases. In a few cases where a northward drift did not
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occur in the QLM without a dipole, the track forecast errors without a dipole were similar to 
those with a dipole. Cases of operational forecasts with the use of a dipole are presented in a 
separate report where 1989 season QLM forecast tracks are discussed (Mathur,1991).

4 Discussion

Current operational primitive equation models often predict tropical storm tracks that are 
located to the right of the observed tracks. The largest such forecast errors in the QLM occurred 
for the westward moving storms. Three factors are thought to contribute to this erroneous 
northward motion in the model forecasts. First, a part of the drift could be due to the latitudinal 
variation in the Coriolis parameter. In previous QLM studies utilizing idealized symmetric 
storms with and without a uniform steering current, Mathur (1986, 1987) showed that the 
northward drift due to the p - effect was smaller in the first 24 hours than in the periods 24 - 48 
and 48 - 72 h. This is because the gyres induced by the p- effect take some time to develop. 
Additionally Mathur found that larger (stronger) storms drifted further north than smaller 
(weaker) storms. On the other hand, the drift in many operational 1988 cases was larger in the 
first 24 h than in the later 24 h periods (e.g., Figs. 1 and 3). Also, a smaller and weaker storm 
(Joan , Fig. 3) moved further north than a larger and stronger storm (Gilbert, Fig. 2). Although 
the p-effect may have contributed to the northward drift, some other processes were undoubtedly 
also operating.

A second source of error is associated with a systematic displacement of the storm center in 
the analysis to the west of the observed center. In this case, the winds in the analysis have a 
significant southerly component over the observed storm area. Forecasts from several cases 
suggest that if the erroneous southerly flow is strong or its area is large compared to the model 
storm, then the storm in the QLM forecast is likely to be advected significantly northward during 
the first 24 hour. For instance, the analyzed southerly winds were stronger over the small storm 
(Joan) than over the large storm Gilbert. As a result, the smaller storm Joan drifted much farther 
to north than the stronger storm Gilbert in the first 24 h QLM forecasts.

Obviously, poorly analyzed fields over very large areas of the domain can also degrade the 
QLM forecast. This third source of error has not been fully investigated. However one may 
anticipate that when the large scale analysis is incorrect an erroneous "drift" from the observed
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track may be large and may operate during all time periods. The continual northward drift of 
Joan in both the QLM and AVN forecasts for all time periods (section 3d) may have been due to 
improperly analyzed large scale features (a displaced vortex probably contributed to the 0-24 h 
track errors as well). If the analysis provides a good representation of large-scale atmospheric 
features but is deficient in the vicinity of the storm, one may expect good predictions of storm 
speeds and directions after an initial period of model storm drift. For instance, the track errors for 
the two Gilbert cases considered in section 3 level off at 24-36 h. Since the horizontal resolution 
of the analysis is of the order of a few hundred kilometers and the mean error during this period 
in the two cases is smaller (of the order of 200 km) than the resolution of the analysis, it may be 
assumed that the analyses in these two cases were good. This suggests that the so-called 
"steering" current over the observed storm area in the real atmosphere and over the predicted 
storm area in the QLM were in good agreement during the 24-72 h period.

Since the dipole wind and height fields are imposed only within the area occupied by the 
observed storm, it is unlikely that its inclusion would lead to a reduction in track forecast errors 
arising from large-scale analysis errors. The numerical results (section 3) suggest that the 
inclusion of a dipole reduces the northward drift arising from the erroneous southerly steering 
current that appears over the storm area in the QLM initial state (associated with a westward 
displacement of the observed vortex in the analysis). Recall that the dipole of section 2 
introduces an easterly steering current over the storm area between the lobes (see Eq. 10 for the 
location of lobe centers) and that storm motion in the QLM is correlated well with the vertically 
averaged winds over a 1 area (see section 3 and Table 1). The inclusion of the dipole 
easterlies therefore leads to a more westward motion of a vortex.

The contribution of various terms in the propagation of the vorticity maximum at 850 mb (this 
maximum defines the storm center in the QLM) was also investigated in a case (section 3). The 
maximum in relative vorticity tendency is located to the south and to the west of the storm center 
in the dipole case compared to the no dipole case. The two terms which contribute the most in 
this displacement of the maximum tendency are the horizontal advection term and the stretching 
term. The maximum in the horizontal advection term in the dipole case is located to the south of 
the maximum in the no dipole case (Fig. 7). The stretching term is of the same order as the 
horizontal advection term in the dipole case and the maximum in this term is located to the 
southwest of the center. The stretching term is weaker in the no dipole case.
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Smith et al. (1990) used a barotropic model on both f and plane and studied the motion of a 
symmetric vortex embedded initially in a southerly current that was prescribed using a west-east 
dipole. They varied the dipole scale to shift the asymmetric vorticity centers from the storm 
center. In the case the asymmetric vorticity was initially concentrated in the region of large 
shear in the tangential wind of the symmetric storm, the asymmetric vorticity underwent large 
distortion (wrapped around the storm center) and the storm initially stalled. This distortion 
became weaker as the asymmetric vorticity centers were displaced farther away from the region 
of the large tangential wind shear. We have not noticed any wrapping around of vorticity in our 
experiments, this may be due to the fact that the dipole lobes are initially located in the weak 
tangential wind shear near the storm boundary.
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Table 1. Observed and QLM predieled storm motion for the first 12 hours. Analyzed wind 

speed and direction averaged vertically over the model’s first 10 sigma levels and horizontally 

over a square of sides 2rmj, and 3rm„ are also presented. Direction is given in degrees

reckoned clockwise from the north. Speed is given in m/s.

Storm Observed QLM vortex RMAX Averaged analysis wind 

name/date speed and speed and (km) speed and direction

direction direction
^ 2 rmax

Gilbert

12Z 9/10/88 283/6.8 332/7.2 370 308/8.4 295/6.9 284/5.6

00Z 9/12/88 284/8.3 329/7.1 555 317/5.7 293/4.8 282/3.5

12Z 9/14/88 288/7.5 277/4.3 740 300/5.8 316/3.1 12/1.3

12Z 9/15/88 287/5.2 281/2.7 740 300/4.1 319/2.6 42/0.8

Joan

12Z 10/12/88 277/6.3 313/7.8 170 324/8.0 308/7.3 297/6.9

12Z 10/16/88 266/3.7 331/5.2 280 306/5.0 289/5.6 283/5.1

Fabio

12Z 8/2/88 284/5.1 355/5.6 465 308/3.5 281/5.1 269/5.1

12Z 8/3/88 303/6.5 320/9.3 465 304/7.1 282/7.5 273/6.5

Uleki

00Z 8/30/88 284/5.1 329/2.4 170 328/4.7 303/4.7 291/4.7
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Table 2. Mean QLM forecast track errors (km) with and without a dipole.

Hour No Dipole Dipole Cases

0 - - 9

12 183 106 9

24 317 143 9

36 363 211 9

48 391 246 8

60 502 337 7

72 580 352 6
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FIG. 1. Observed (A) and QLM predicted storm tracks (without (E) and with (F) a dipole) for 
Gilbert. Initial time is 12 GMT 10 Sept. 1988. Subsequent locations are shown at 12 hour 
intervals.



FIG. 2. Observed (A) and QLM predicted storm tracks (without (E) and with (F) a dipole) for 
Gilbert. Initial time is 12 GMT 14 Sept. 1988. Subsequent locations are shown at 12 hour 
intervals. = 740 km, c^ = 20.3N (operational position).
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FIG. 3. Observed (A) and QLM predicted storm tracks (without (E) and with (F) a dipole) for 
Joan. Initial time is 12 GMT 12 Oct. 1988. Subsequent locations are shown at 12 hour intervals. 
rm« = 120 km, = 12.3N (operational position).
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FIG. 4. Wind analysis (AVN) at 700 mb for (a) Gilbert at 12 GMT 14 Sept. 1988, and (b) Joan 
at 12 GMT 12 Oct. 1988. Observed location of the storm is shown by a heavy dot.
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FIG. 5. Relative orientation of dipole and QLM axes.



FIG. 6. Dipole structure for Gilbert at 12 GMT 14 Sept. 1988: (a) dipole streamfunction. 
Winds at 850 mb without (b) and with (c) a dipole. = 740 km.
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Fig. 7. 850 mb vorticity tendency terms: (a) total, and (b) stretching term in dipole case, (c) 
Total and (d) stretching term in no dipole case. Units: to-10 *-2. The location of maximum and 
minimum in horizontal advection term are shown by a heavy dot and a cross respectively in (a) 
and (c).
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FIG. 8. AVN 1000 mb wind forecast for Joan, initial time 12 GMT 12 Oct.: (a) 36 h (b) 72 h. 
Observed location of the storm is shown by a heavy dot.
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