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Numerical Simulation of a Mesolow over a Gulf Stream Filament

SETHU RAaMAN' and NEeraia C. ReEDDY!

Abstract - A three-dimensional mesoscale numerical model is used to investigate mesoscale circula-
tion over a Gulf Stream filament. Two numerical experiments arc performed with different initial
uniform ambient wind speeds (U = 0.1 ms~', 3.5m s~! and 7 m s~") for a typical winter day. Tt is found
that for both low and moderale winds, a closed mesoscale circulation forms over the Gulf Strcam
filament. When the Gulf Strcam filament was removed, the model did not predict a mesoscale
circulation. The modeled circulation over the filament is in agreement with the observations, suggesting
that the atmospheric circulations over the filaments may be an important mechanism in the U.S. East
Coast cyclogenesis.
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1. Imtroduction

Cyclogenesis can result from a variety of distinct or cooperative dynamic
mechanisms and complex scale interactions. Existence of a spatial maxima in the
global distribution of cyclogenesis frequency points to the importance of local
forcing (PETTERSSEN, 1956). The local factors include mountain ranges, coastal
regions and sca-surfacc temperature (SST) contrasts, Often two or more of
these effects act in concert along the East Coast of the United States. An
important ingredient of the winter cyclogenesis is the formation of a mesoscale
coastal front.

Presence of the Gulf Strcam is another major factor in the East Coast cycloge-
nesis. The climatologics of cyclones show distinct frequency maxima near the
Atlanlic coastline or over the Gulf Stream. For example, SANDERs and
GyAKUM’s (1980) dypamic climatology of explosive cyclogenesis identifies the
Gulf Stream as a prcferred area for rapid development. However, even though it
is generally acknowledged that the thermodynamic forcing by the Gulf Stream is
an important factor in U.S. East Coast frontogenesis and cyclogenesis, until
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recently no effort has been made to understand the role of the Gulf Stream
meandering,

Many investigators have shown that the Gulf Stream meanders appreciably
due to its own dynamics (PIETRAFESA, 1978; ROONEY et al, 1978). A topo-
graphic feature on the upper slope of the Atlantic Ocean bottom located near
32N, 79 W known as the “Charleston bump” causes an castward deflection of
the Gulf Strcam, resulting in a quasi-permanent excursion of the Gulf Stream
front downstream. A frequently observed feature related to the Gulf Strcam
meandering in this region is the warm-corc folded back filaments or shingles
{(vON Arx et al., 1955). The southward oriented shingles are long tonguc-likc
extrusions of the Gulf Stream surface waters onto the shelf. PIETRAFESA (1983)
showed that the frequency of these events is between 2-12 per month on the
North Carolina shelf during winters. Typical length and width of these Gulf
Stream filaments are observed to be 200 km and 50 km, respectively.

REDDY and RAMAN (1994) documented the formation of a mesolow over a
Gulf Stream filament for 10 February 1986 by using the data collected during
the Genesis of Atlantic Lows Experiment (GALE) TOP # 5. This mesolow
formed in conjunction with a shallow mesoscale front aligned along the eastern
edge of the Gulf Stream. CiONE et al. (1993) showed that ncarer the Gulf
Stream to the coastling, more frequently do the East Coast storms develop or
intensify because of the increased boundary layer baroclinicity. The formation of
the Gulf Stream filaments tends to decrease the distance between the western
edge of the Gulf Stream and the coastline.

Numerical studies of the marine boundary layer in this rcgion have been
conducted by many investigators (BROST, 1976; MOENG and ARAKAwA, 1980;
ATLAS et al., 1983; WAl and STAGE, 1989; WARNER ef al., 1990; HuaANG and
RAMAN, 1992). In the simulations of the marine boundary layer induced by a
single Gulf Stream front, WAI and STAGE (1989) showed that a convective
boundary layer forms offshore and slopes up seawards in response to the in-
creasing modification of the low-level air. Earlier stages of the development of
mesoscale circulation induced by steady ocean warming are somewhat similar to
those of sea breeze circulations (MAHRER and PIELKE, 1977, 1978).

Although several numerical studies have been conducted on the modification
of the marine boundary layer by many investigators, none investigated the im-
portance of Gulf Stream meandering and its associated filaments on coastal
cyclogenesis. Our previous obscrvational study (REDDY and RAMAN, 1994) was
the main impetus for this numerical investigation. A three-dimensional numerical
model developed by HUANG and RAMAN (1990, 1992) is used. A brief descrip-
tion of the numerical model is presented in Section 3. Numerical schemes and
the initial and boundary conditions used in the model are described in Section
4. Results from the numerical experiments that pertain to the mesoscale circula-
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tions, structure of the marine boundary layer, the geometry of occanic rainbands
and the role of the Guif Stream filaments are discussed in Section 5.

2. Synoptic and Mesoscale Conditions

A high pressure system dominated the East Coast of the United States
at 12 UTC on 9 February 1986, causing northerly winds offshore (Fig. 1a). In
the GALE region (region offshorc of Carolinas, 30-37 N, 70-80 W), gradual
veering of the offshore winds from north-northeasterly to east-northeasterly ac-
companied the eastward shift of the anticyclone. Over land (East Coast of the
U.S.), however, the wind direction remained northeasterly as a ridge of high
pressure extended southwestward along the coast, east of the Appalachian
Mountains. At 12 UTC (Fig. 1¢) on 10 February, a mid-tropospheric trough
extended southwest, with the northern tip of the trough located offshore of
North Carolina and the southern tip of the trough located ncar the South
Carolina coast. A low pressure system developed offshore of North Carolina.
From 12 UTC to 21 UTC (Figs. lc, 1d and le) on 10 February, a stationary
front was located off the coast almost parallel to the Gulf Stream. Aircraft
observations 1aken during this period indicated a mesoscale circulation which
may be associated with a mesolow over the Gulf Stream region (Fig. 2).
This mid-tropospheric trough migrated offshore by 12 UTC on 11 February
(Fig. 1f). This trough is believed to have caused the intensification of the
mesolow.

The mesoscale analysis at 17 UTC, 10 Fcbruary, is shown in Figure 2.
The streamline analysis (Fig. 2a) indicated two confluence zones (heavy solid
lines) and a diffluence zonc in between. The winds increased by a factor of two
from 48ms~!' over the mid-shelf waters to 9.5ms~! at the western edge
of the Gulf Strecam. Existence of a mesolow is evident in Figure 2a. The
contours of computed horizontal divergence, shown in Figure 2b, indicate two
low-level mesoscale convergence zones, one near the western cdge of the Gulf
Stream (7.8 x 107%s~', heavy solid line) and the other near the coastal waters
offshore of Wilmington (3.4 x 10~°s !, heavy solid line) with a divergence zone
in between (3.1 x10=%s !, heavy dashed line). Similar convergence/div-
ergence zones were also observed by RIORDAN (1990) and HOLT and RAMAN
(1990) for other days during coastal frontogenesis. Mcsoscale analysis on 11
February indicated a northwesterly flow near the coast and southwesterly
flow over the western Atlantic. The wind speeds increased offshore due to the
deepening of the surface mesolow as a mid-tropospheric trough moved into the
region.



PAGEOPH,

Sethu Raman and Neeraja C. Reddy

192

2in 00zl
ggsl Auvnyaad 11 (3)

21N oozl
9861 A¥vNYE3d Ol {2)

e d
L of o g \Bor Yo r
5]

WOL WS ADE MOOI AN

210 0012
9861 Advn¥a3ad o (@)

Mo MOE 1]
i T T
i 20 F ] ' N_n._ma

aln 0000
9861 AYVYNHE34 Ol ADU

MO8 06 MO0

540 008
og6| AMvnya3s ol (P)

J1n oocl
9861 AdVNYLE3d 6 A Uu



Vol. 147, 1996 Numerical Simulation of a Mesolow 793

] I I / i 365N
/
3 // —435°N
/
/ ~434°N
/
- —133°N
-1 32°N

I0 February 1986 31°N
[700 UTC

J 1 . ! 30°N
E0°W 78°W 76°W T74°W 72w 70°W
b daeen
—35°N
-134°N
~33°N
-1 32°N
/ / (b) IO February 1986
B / 1700 UTC ~3I°N
~ Horizontal Divergence (107 s7)
O/l ' v ! 1 Y \ V \ 30°N
EQ°W 78°W 76°W 74°W T2°W 70°W
Figure 2

Mesoscale analysis on 10 February at 1700 UTC, (a) streamline analysis and (b) horizontal divergence.

Figure 1
Synoptic analysis on (a) 9 February at 1200 UTC, (b) 10 February al 0000 UTC, (¢) 10 February
1200 UTC, (d) 10 February 1800 UTC, (¢) 10 February 2100 UTC and (f) 11 February 1200 UTC.
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3. Model Description

The three-dimensional mesoscale numerical model used in this study is de-
scribed by HuanG and RaMAaN (1988, 1991). A domain height of 8 km is used
in the model for all simulations. The model is hydrostatic and anelastic in a
terrain following coordinate system. The prognostic model equations include the
horizontal momentum equations, the thermodynamic equation for the potential
temperature, and the conservation equations for water vapor g, cloud water ¢,
and rainwater ¢,.

The atmospheric planetary boundary layer is treated separately as the surface
layer and a transition layer in the model. To account for the surface layer
turbulent transport, the surface-layer similarity stability functions given by
BUSINGER et al. (1971) are used. Above the surface layer, a turbulence closure
scheme using the turbulent kinetic energy (TKE) and dissipation (z) is incorpo-
rated with the level 2.5 scheme of MELLOR and YAMADA (1982) to determine
the eddy diffusivities in the transition layer.

The ground temperature is obtained from the surface cnergy balance equa-
tion, while the sea-surfacc termperature is held constant. The radiation scheme
used in this model incorporates long-wave and short-wave radiation transfer
which is similar to the one used by MAHRER and PikikEe (1977). This scheme
takes into account the absorption of short-wave radiation by water vapor and
long-wave energy cmitted by the water vapor and carbon dioxide. A variation of
Kuo’s scheme (Kuo, 1974) is incorporated to account for the subgrid-scale cloud
effects that cannot be resolved by the grid points. Subgrid shallow clouds are
not considered in this study.

To account for advection effccts, an improved form of the Crowley type
advection scheme, termed the modified upstream scheme or Warming-Kutler-
Lomax (WKL) advection scheme (WARMING er al., 1973; HUANG and RAMAN,
1990) is used in the horizontal and a quadratic upstream interpolation in the
vertical. In order to obtain initial conditions, an Ekman-laycr type balance cqua-
tion is applied to determine an initial velocity profile, while the potential temper-
ature and relative humidity profiles are specified at the initial time. At the lower
boundary, a no-slip condition is imposed for the wind. The relative humidity
near the ground is held constant. The hydrostatic equation is used to obtain the
surface pressure with known upper level pressure. At the upper boundary, a
radiation boundary condition (KLEMp and DURRAN, 1983) is used to determine
the perturbation pressure. A prognostic scheme (Mi.LER and THORPE, 1981) is
applied at the lateral inflow boundary grids while prediction equations are uscd
at the lateral outflow boundary,
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Model domain overlaid the Gulf Stream and the filament.
4. Experiment Design

The Gulf Stream position was obtained from a report provided by the NOAA/
AOML (Atlantic Oceangraphic and Meteorological Laboratorics) at 1800 UTC on
10 February, 1986 and is shown in Figure 3. The solid line corresponds to the
maximum SST contour of 25°C, indicating the western edge of the Gulf Stream.
The eastern edge of the Gulf Stream is indicated by the dashed contour line of
23°C. As can be scen from Figure 3, three filaments formed on 10 February. The
King Air aircraft took observations across the filament on 10 February. The
detailed analyses and results are given in REDDY and RAMAN (1994). The observa-

tions indicated weak northeasterly winds of about 3-4ms~'.

Table 1

Numerical experiments

Wind speed Model
Clase Filament (ms ) Wind dir. SST resolution
Cl YES 33 NE Constant 88T 4 km
C2 YES 0.1 NE Constant 88T 4km
C3 NO 35 NE Constant 58T 4 km

C4 YES 3.5 NE Realistic 88T 4 km
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SST distribution in the model domain, (a) for experiments C1 - C3 and (b) for experiment (4.

The model domain for the numerical experiments C1-C4 is indicated by the
rectangular box (Fig. 3). Descriptions of the cxperiments are given in Table 1. An
enlarged version of the rectangular box, along with the sea-surface temperature
distribution used for these experiments, is shown in Figure 4. In the vertical, 15
stretched grid points are used for all the experiments with a domain height of 8 km,
The model has a higher vertical resolution at lower levels (see Table 2). The
horizontal model domain covers 73 grid points in the x direction and 60 grid points
in the y direction with a uniform grid spacing of 4 km. SST distribution observed
on 10 February 1986 is used for the case C4 simulation (Fig. 4b).
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Table 2
Model levels

Model layer Height (m)

1 50
2 150
3 250
4 500
5 750
6 1000
7 1500
& 2000
9 2500
10 3000
11 4000
12 5000
13 6000
14 7000
15 8000

Barotropic ambient conditions are used for all simulations, with a constant
vertical potential temperature gradient of 4 C km "', Moisture conditions for the
domain are prescribed by a profile with 80% relative humidity below 1 km. Above
this height, the relative humidity is assumed to decrease linearly to zero at 5 km.
Barotropic conditions are assumed initially, Magnitudes of the wind speeds for
different cases are given in Table 1.

Initialization of the mesoscale model is based on prescribed 1D profiles and a
solution of thc Ekman-gradient wind equations. The cases C1 (ambient wind
3.5ms™!) and C2 (weak ambient winds) are conducted to investigate the depen-
dence of the intensity of circulation on ambient winds. Case C3 is conducted to
investigatc the influence of the filament on the development and intensification of
offshore mesolows. Case C4, is similar to Case Cl except that rcalistic SST
distribution is used. All cascs are integrated for 15 h,

5. Model Results
An initial uniform wind speed of 3.5m s~! is used in case C! to investigate the
mesoscale circulation observed on 10 February 1986 over a Gulf Stream filament.
Case C2 is simulated with weak initial uniform wind speed. Initial conditions used
for cases C3 and C4 are the same as those for casc C1 except that case C3 is
simulated without a Gulf Stream filament and case C4 is simulated with a realistic
SST distribution (see Fig. 4b),
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Figure 5
Spatial distribution of U and ¥ vectors at (a) 6 h, (b) 9 h, (c) 12 h and (e) 15 h of model simulation for
case C1 at 50 m height. The maximum wind speeds are respectively 5.0ms ', 6.1 ms™', 9.5ms~! and
125ms ! at these hours.

5.1 Sensitivity to Different Ambient Winds

(a) Moderate Ambient Wind (Case C1 with a wind speed of 3.5m s™})
Figure 5 displays the U and ¥V vectors after 6 h, 9 h, 12 h and 14 h of simulation
at a height of 50 m (layer 2). The predicted wind distribution at the initial stages
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(Fig. 5a) of simulation indicates a weak convergence zone along the edges of the
maximum SST contour, However, the convergence at the edges of the filament is
much stronger as compared to the one along the western edge of the Gulf Stream,
A divergence zone exists between the filament and the western edge of the Gulf
Stream. The flow west of the convergence zone turns southwards as it responds to
locally generated pressure gradients due to differential surface heating. Similarly,
the flow east turns northward. In response to the frontogenetical flow, the
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mesoscale circulation becomes more discernible after 9 h (Fig. 5b) of integration.
The flow pattern with a cyclonic wind shift line is favorable for maximizing the
coastal frontogenesis, since the line (acting as an axis of dilatation) is almost along
an isotherm (PETTERSEN, 1956). After 12 h of integration (Fig. 5¢), the wind
vectors turned cyclonically over the filament, indicating the development of a
mesolow over this region. This mesolow further intensified into a close mesoscale
circulation at 14 h (Fig. 5d).
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It will be of intercst to compare the model predicted horizontal divergences and
wind speeds with the observations (Fig. 2). The contours of horizontal divergences
and vertical veolcities after 9 h and 12 h of integration are shown in Figure 6. As
expected, the model predicted convergence values are maximum over the filament,
with small values over the Gulf Stream. The predicted maximum divergence values
are —6.7x 10 %57 to 3.3 x107%s~" after 9h (1800 UTC) and —7.1 x 1073 57!
and 4.4 x 107% 57" after 12 h (2100 UTC) of integration (Figs. 6a and 6b), respec-
tively. The observed maximum horizontal divergence values (Fig. 2b) were about
—7.1x10"°s 'and 4.2 x 103 s~ " at 1700 UTC. It is encouraging 1o find that the
predicted values are of the same order of magnitude as the observations.

Maximum ascending motion is predicted along the edges of the filament. The
maximum ascent at 50 m increased from 1.14cms™' after 6 h of integration to
11.5cm s™! (Figs. 6¢, 6d and 7d) at 14 h. The maximum vertical velocities in the
model after 9h and 12h are 20cms™" and 3.5cm s, respectively. Relatively
weaker vertical motions occur along the Gulf Stream (Fig. 7d) with a magnitude of
287 c¢cms™! after 14h of modcl simulation, The contours of surface pressures
shown in Figure 7 (surface pressure p minus 1000 mbj indicate a decreasing trend
over the filament with a low pressure of 1004 mb at 6 h. Pressure at this location
decreases to 998 mb at 14 h of integration. During the initial stages of the model
run (after 6 h), circulation starts developing over the filament and intensifies into a
mesolow as time progresses. The wind speeds increase from an initial value of
35ms™' to 13.0ms~! a1 14 h of model simulation (Fig. 5) over the Gulf Stream
filament, The observed wind speeds over the Gulf Stream filament were about
12ms~!,

The distribution of sensible and latent heat fluxes after 9 h and 12 h of model
integration are shown in Figure 8. The contours indicate a maximum value over the
Gulf Stream filament. The predicted maximum values of total heat fluxes (sensible
heat flux + latent heat flux) are about 200 Wm™2 and 250 Wm 2, respectively over
the Gulf Stream filament after 9 h and 12 h of model integration. A total heat flux
of 240 Wm~? was observed over a Gulf Stream filament on 10 February (REDDY
and RAMAN, 1994). The contours of latent heat fluxes show sharp gradients west of
the filament.

To better understand the vertical structure of the flow over the filament, a cross
section of the contours of potential temperature (), turbulence kinetic energy
(TKE), wind speed and U-W vectors is examined (Y = 25) at 9 h across a region of
strong convection located at the edges of the filament (Fig. 9). This cross section is
in a vertical plane (x--z) from west to east. The horizontal gradient of potential
temperature manifests a well-defined sea-breeze type of circulation over the filament
after 12 h of simulation. This circulation is shallow and extends to a height of about
1600 m (Figs. 9 and 10). As can be seen from the figure, there is a strong
convergence at the edges of the filament. Observations in this region indicated a
shallow circulation extending up to 1 km (REDDY and RAMAN, 1994).
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Surface sensible heat fluxes in Wm~=2 at (a) 9h and (b) 12 h and surface latent heat fluxes in Wm 2 at
(¢) 9t and (d) 12h of model simulation for case C1.

The vertical variation of TKE (Fig. 9) indicates a boundary layer depth of
about 1.8 km over the filament and 1.5 km over the Guif Stream. The mesoscalc
circulation extends to about 1.5km (Fig. 9d). In early stages (not shown), a low
level jet (LLJ) forms over the Gulf Stream filament with a maximum wind speed of
4.7ms™! at a height of about 400 m from the surface. This LLJ remains in the
same location after 9h of modcl simulation with a maximum wind speed of
6.3ms~! (Fig. 9c). At 12 h, the predicted boundary layer height remains the same
(Figs. 10a and 10b). However, the maximum wind speed increases to 6.9 ms™!
(Figs. 10c and 10d). Observational analysis by REDDY and RAMAN (1994) for 10
February 1986 indicated a low level jet in the region of mesoscale circulation.
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Vertical cross sections of (a) potential temperature 6 (°C), (b) TKE (m?*s~2), (¢) wind speed (m ') and
(d) U and W vectors (ms™') at 9h of simulation for case Cl. A maximum TKE of 0.85 m?s~2 is
predicted over the Gulf Stream filament (grid # 20).

Vertical cross sections of cloud water (g,) and rainwater (g,) are given in Figure
11. The contours of predicted cloud water show a good correlation between the
development of the convergence zone and the formation of clouds, as onc
would expect. During the early stages (at 9 h, Fig. 11a), clouds begin to form along
the edges of the filament. Clouds intensify with time over the filament
and cover a wider area. However, there is no cloud or rainwater over the Gulf
Stream (Figs. 10b and 10c¢). An intense rain band forms over the filament (Fig. 11d)
after 12 h. The maximum model predicted cloud water and rainwater occur over the
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predicted over the Gulf Stream filament (grid # 20).

filament and are about 6.6 g kg 'and 0.6 g kg~ respectively after 15 h of integration.
These regions of maximum cloud water are in the regions of strong convergence.

In summary, the model results from case C1 compare well with the observational
analysis (Fig. 2). The simulated flow between 12 h and 15 h is in good agreement with
the observations on 10 February, 1986.

(b) Weak Ambient Wind (Case C2, wind speed of 0.1 ms™")
In order to investigate the influence of weak ambient winds on the mesoscale
circulation, case C2 is conducted. A weak ambient wind of U/ =0.1ms~! and
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model simulation for case Cl.

V' =0.1 ms~'is used as the initial condition, This case (C2) is similar to C1 except
for the weak ambient wind.

The spatial distribution of U-V contours of horizontal divergence for case C2
after 9h and 12h simulation at z =50m arc shown in Figure 12. A strong
convergence zone forms along the maximum SST gradient (25°C; see Fig. 4a) with
a cyclonic wind shift at the edges of the filament. When compared to case C1 (Fig.
5), convergence is much stronger over the filament with a weak convergence over
the western edge of the Guif Strcam. The predicted maximum horizontal diver-
gences for the case C2 are over the filament and the values after 9h and 12 h of
integration are about —7.72 x 107°*s~! and —9.91 x 1077 s™!, respectively. These
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Figure 12
Spatial distribution of U and ¥ vectors at (a) 9 h and (b) 12 h and horizontal divergence at (c) 9 h and
(d) 12 h of model simulation for case C2 at 50 m height. The maximum wind speeds are 3ms—! and
39ms ' at 9h and 12 h.

values are slightly higher than those predicted in case C1 (Fig. 6). For weak wind
conditions, since there is no opposing flow over the Gulf Stream, convergence
develops and intensifies quicker. Thus winds start converging considerably earlier
(2 h of integration) for case C2 as compared to case C1 (6 h of integration).
After 15 h of model simulation (not shown), the low-level convergence along the
western edge of the Gulf Stream decrcases. However the circulation over the Guilf
Stream filament intensifies further. Winds are accelerated towards the convergence
zone with a wind speed of 4.6 ms™', considerably stronger than the ambient wind
speed of 0.1 ms~'. Using a mesoscale model, WARNER et a/. (1990) found that in
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Vertical cross sections of potential temperature (0 (°C) at (a) 9h and (b) 12h and wind speed (ms™')
at (¢) 9h and (d) 12 h of integration for case C2.

weak wind conditions and with a large air-sea temperature difference of about
10°C, a maximum wind of 7.4 m s™! ¢an be produced in the marine boundary layer
convergence zone.

Vertical cross sections of wind speed and potential temperature at 9h and 12 h
of model integration are illustrated in Figure 13. The 6 contours show a well-
defined sea breeze type of circulation cxtending to a height of about 300 m. The
contours of wind speeds show a LLJ at a height of 300 m with a maximum wind
speed of 3.3 ms~'. Clouds develop after 9 h of integration over the filament (not
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shown), but not over the Gulf Stream. However, after 12 h of model simulation,
shallow clouds do develop over the Gulf Stream. The maximum cloud water at this
hour over the Gulf Stream and the filament is 4.0gkg ' and 5.9 g kg™', respec-
tively. A rainband with a maximum rainwater of 0.56 gkg~' forms over the
filament. No rainwater was predicted over the Gulf Stream,

The contours of sensible and latent heat fluxes (not shown) indicate a maximum
total heat flux (SH+LH) of 190 Wm ? afier 12h of model simulation. As
expected, the predicted maximum total heat fluxes are in the region of maximum
convergence (southern tip of the filament). For case Cl1, with an initial ambient
wind speed of 3.5ms™!, the total hcat flux predicted was 250 Wm~2 at the same
model hour.

The results of these two cases, C1 (moderate winds) and C2 (weak winds) are
quite different. Though convergence develops quickly and quite earlicr in weak
winds as compared to moderate winds along the maximum SST gradients, they are
too weak to devclop a mesoscale circulation over the filament. Again, because of
the weak convergence predicted by the model, no cloud or rain developed over the
Gulf Stream or the filament.

3.2 Simulation Without the Filament

Casc C3 is conducted to investigate the influence of the Gulf Stream filament
on the formation of the mesoscale circulation. This case (C3) is the same as case
Cl, except that the Gulf Stream filament is abscnt. An initial ambient wind speed
of 3.5ms™" is used.

Vectors indicating the predicted horizontal winds and contours of horizontal
divergence at 50 m height after 12h and 15h of model simulation for the casc
without the filament (casc C3) are shown in Figure 14. At 9h (not shown), a
weak convergence zone forms along the western edge of the Gulf Strcam with
a maximum divergence of —0.9 x 107" 57! Winds increase moderately towards
the Gulf Stream with a maximum wind speed of 4.3 ms~' over the core of the
Gulf Stream. Increase in wind specd and the horizontal convergence are thus
minimal. Model predicted a maximum ascent of 0.25 cm s~' after 15 h of simula-
tion, as opposed to 11.5cms~! for casc Cl (with the filament) for the same
location. The model results in this case (without the filament) do not show
cyclonic turning of wind flow predicted for the case with the filament. It is
believed that the curvature in SST gradients caused by the filament is important
for the occurrence of closed circulation. The contours of predicted sensible and
latent heat fluxes are shown in Figure 15. These predicted total heat fluxes are
about 70 Wm~2 in case C3 (Figs. 15a,c) as compared to 200 Wm 2 in case Cl
(Figs. 8a,c) after 9 h of model simulation. There was very little increase in these
total heat fluxes (by about 10 Wm~—2) after 15h of simulation in case C3 (Figs.
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Figure 14

Spatial distribution of &/ and ¥ at (2) 12h and (b) 15 h and horizontal divergence at (¢) 12h and (d)
15h of model simulation for case C3 at 50 m height. The maximum wind speeds arc 3ms ' and
39ms~!at 9h and 12 h, respectively.

15b,d). These small values of total heat fluxes for the case without the filament are
due to a relatively small increase in the wind speed. The weak convergence zone
which existed until 15h dissipated later on. Clouds did not develop in this
simulation.

Figure 16 shows the vertical cross sections of wind speed and potential temper-
ature after 9 h and 12 h of model simulations, The vertical cross section of the wind
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Surface sensible heat fluxes in Wm~2 at (a) 9 h and (b) 12 h and surface latent heat fluxes in Wm~=2 at
(¢) 9h and (d) 12 h of model simulation for case C3.

specd indicates a low-lcvel jet ncar the western edge of the Gulf Stream with
maximum magnitudes of 4.1 ms ' and 4.9m s~ after 9 h and 12 h of integration,
respectively. Potential temperature contours show an increase in boundary layer
depth from 400 m to 700 m towards the warmer waters,

In summary, the predicted values of variables (U, ¥V, W and g,) for the case
without the filament (case C3) are considerably less than that with the filament
(casc Cl), apparently because of the lack of strong convergence and convection that
existed in casc C1 due to the developing mesolow over the filament.
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Figure 16
Vertical cross sections of potential temperature 8 (°C) at (a) 9h and (b) 12 h and wind speed (ms" ')
at (¢) 9h and (d) 12 h of inlegration for Case C3.

5.3 Simulation with Observed SSTy

It will be of interest to investigate the effect of observed SST distribution (Fig.
4b) and compare the results against the control experiment with constant SSTs west
of the filament (Fig. 4a). For this purpose, case C4 is conducted with observed SST
distribution in the vicinity of the Gulf Stream filament. This experiment is similar
to the control run (C1) except for the SST distribution.

Figure 17 illustrates the U and ¥ vectors and contours of pressure at 50 m
height. The spatial distribution of U and V¥ are similar to that predicted for case Cl
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at 9h, 12h and 5 h, respectively.

with the maximum convergence along the edges of the filament. As can be seen
from Figures 17a, 17b and 17c, a mesolow develops after 6 h of model integration
and intensifies into a cyclone over the Gulf Stream filament after 15 h of simulation
(Fig. 17d). The observational analysis on 11 February at 1200 UTC (not shown)
indicates the deepening of the surface mesolow into a mid-latitude cyclone. When
a mesolow forms due to low-level forcing and is in phasc with an upper level
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Spatial distribution of (a) vertical velocity in cm's ' at 9 h, (b) horizontal divergence ( x 10 %) at 9 h, (¢)
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50 m height for case C4.

disturbance, cyclogenesis could result (UCCELLINI et @l., 1986). The 500 mb analysis
on 11 February indicated a mid-tropospheric trough over the eastern United States
coastline.

The contours of vertical velocities and horizontal divergences (Fig. 18) once again
indicate that the maximum convergence is near the filament. The maximum model
predicted convergence (—6.7 x 10=%s7") is close to the observed value (—7.1 x
10=3571). The contours of sensible and latent heat fluxes (Fig. 19) indicate sharp
gradients along the edges of the filament. However, the mode! predicted total heat
fluxes (205 Wm~2) are somewhat less than those observed (240 Wm—2) in this region,
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Figure 20 shows the cross sections of U and V vectors and wind speeds after 9 h
and 12 h of model simulation. As expected, the U and V vectors indicate a sea-
breeze type of circulation near the Gulf Stream filament. The results from the cross
sections of wind distribution (Figs. 20a and 20c¢) indicate the existence of a low-level
jet with a maximum speed of 7.3 ms~' at an altitude of 400 m. In the observational
study (REDDY and RAMAN, 1994), the LLJ was observed at a height of about
400 m from the surface. The cross section of potential temperature and TKE (Fig.

21) shows a boundary layer height extending to 1500 m. This compares well with
the observed height of 1100 m.
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Figure 20

Vertical cross sections of wind speed (ms~!) at (a) 9 h and (b) 12 h and ¢/ and W vectors at (¢) 9 h and
(d) 12 h of integration for case C4.

A comparison of modecl results of case C4 (realistic SST, see Fig. 4b) with casc
C1 (constant SST of 18 C west of the filament, see Fig. 4a) with thc same initial
conditions indicates similar results, However, the mesoscalc circulation and convec-
tion develop earlier along the filament in casc C1 as compared to case C4, Earlier
development is probably caused by the sharp increase in the SST gradicent in case
C1 as comparcd to a gradual increasc in case C4. In summary, the model results
from both C1 and C4 compare well with the observalions with small differences in
the extent and the intensification of the circulation. Both the cases (Cl and C4)
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Vertical cross scctions of potential temperature 0 (*C) at (a) 9h and (b) 12 h and TKE (m*s %) at (c)

9h and (d) 12 h of model integration for case C4.

simulated offshore mesoscale circulation and the low-level jet at a height compara-
ble with the observations. A comparison of numerical model results after 12 h of
simulation to observations over a Gulf Stream filament is given in Table 3.

6. Conclusions

A mesoscale numerical model is used to investigate circulations over a Gulf
Stream filament. Several sensitivity tests are carried out to isolate the effect of the
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Table 3
Comparison of 12 h model predictions with vbservations over the Gulf Stream
filament
Vertical Horizontal Total heat
Wind speed velocity convergence flux
Case (ms™h (em s~ (x10-%s ') (Wm ?)
Cl 11.8 11.5 7.1 250
2 4.6 6.8 9.9 190
C3 49 0.3 0.9 75
C4 7.3 2.5 6.7 205
OBS 12.0 - 7.1 240

ambient wind and the presence of the filament. Results indicate the development
of a mesolow circulation over the Guif Stream filament. The convergence zone
over the filament is stronger as compared to the one along the western edge of
the Gulf Stream. The predicted values of total heat flux and the horizontal
convergence are closc to the observations. Large valucs of cloud water and
rainwater are predicted over the filament.

When the model simulation is performed without the Gulf Stream filament,
the mesolow did not form. Also, horizontal convergence is much weaker. Do-
main maximum values of the sensible and latent hecat fluxes for Case C3 (with-
oul the filament) are aboul one fourth of the values for Case Cl (with the
filament). Tt appears that the curvature in the SST gradients caused by the
filament and the shape of the filament are important for the occurrence of a
closed circulation leading to the development of a mesolow.
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