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ABSTRACT

The mechanism by which the Gulf Stream sea surface temperature (SST) front anchors a band of pre-
cipitation on its warm edge is still a matter of debate, and little is known about how synoptic activity con-
tributes to the mean state. In the present study, the influence of the SST front on precipitation is investigated
during the course of a single extratropical cyclone using a regional configuration of the Met Office Unified
Model. The comparison of a control run with a simulation in which SST gradients were smoothed brought the
following conclusions: a band of precipitation is reproduced for a single extratropical cyclone, and the re-
sponse to the SST gradient is dominated by a change of convective precipitation in the cold sector of the
storm. Several climatological features described by previous studies, such as surface wind convergence on
the warm edge or a meridional circulation cell across the SST front, are also reproduced at synoptic time
scales in the cold sector. Based on these results, a simple boundary layer model is proposed to explain the
convective and dynamical response to the SST gradient in the cold sector. In this model, cold and dry air
parcels acquire more buoyancy over a sharp SST gradient and become more convectively unstable. The
convection sets a pressure anomaly over the entire depth of the boundary layer that drives wind con-
vergence. This case study offers a new pathway by which the SST gradient can anchor a climatological
band of precipitation.

1. Introduction Stream SST gradient affects the troposphere above the
boundary layer. The pressure in the marine atmospheric
boundary layer (MABL) adjusts to the SST gradient and
generates wind convergence that anchors a band of pre-
cipitation on the warm flank of the Gulf Stream. These
results were obtained using reanalysis data and sensitivity
experiments to SST at /2° resolution; when the SST gra-
dient was smoothed the rainband disappeared. Minobe
et al. (2010) highlighted the strong seasonality of precipi-
tation and region of ascent; the maximum of anomalous
precipitation that extends far offshore along the SST gradi-
ent during winter remains confined to the North American
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The long-term climatological impact of the SST
gradient on the atmosphere has been identified both in
observations and numerical experiments. The meander-
ings of the ocean fronts are tightly related to mesoscale
features of the low-level atmosphere, such as the curl and
divergence of wind stress (Xie 2004; Chelton et al. 2004)
and cloud cover (Small et al. 2008). Minobe et al. (2008)
proposed a climatological pathway by which the Gulf
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motion is deep during summer, it is rather shallow during
winter, possibly a result of the more stratified troposphere
in winter. Kuwano-Yoshida et al. (2010) also found that
the precipitation response to the SST gradient was
exclusively a result of convective precipitation.

The mechanism proposed by Minobe et al. (2008) is
appealing since it combines all the mean climatological
features of this region with simplicity. However, the
relevance of such a mean state view can be questioned
on the basis of Parfitt and Czaja (2016), who showed that
synoptic systems have a direct contribution to time
mean upward motion in the northwestern Atlantic. It
has long been known that ocean fronts can influence
synoptic storms, and we can surmise that they play a key
role in the pathway connecting the SST gradient to the
atmosphere. Sanders and Gyakum (1980) showed that
explosive cyclogenesis occurs over a wide range of
SSTs but, preferentially, near the strongest gradients.
Giordani and Caniaux (2001) proposed the first detailed
sensitivity analysis of how the Gulf Stream and its SST
gradient affect, through surface turbulent fluxes and there-
fore the atmospheric boundary layer, frontogenesis and
cyclogenesis. A strong sensitivity of an extratropical cyclone
to prescribed SST anomalies was also demonstrated over
the Kuroshio (Bond et al. 2010), but the results seem to be
highly sensitive to other parameters such as large-scale cir-
culation. In addition to the strength of storms, Field and
Wood (2007) showed that the extratropical cyclone rain rate
is strongly correlated with the underlying SST, in line with
Clausius—Clapeyron argument. Moreover, the amount
and the ratio of stratiform and convective precipitation,
split according to a threshold rain rate of Smmday ',
strongly vary with SST (Giordani and Caniaux 2001).

The interaction of the upper ocean with the overlying
atmosphere varies under different synoptic situations,
such as cold and warm sectors of extratropical storms. On
the one hand, the upward motion and the intense pre-
cipitation of warm conveyor belts make them obvious
candidates to explain the favored ascent and the rainband
of the Gulf Stream. On the other hand, heat fluxes are the
strongest behind atmospheric cold fronts and south of the
SST gradient, and they can be as large as 1000 Wm *
(Zolina and Gulev 2003) during intense cold air out-
breaks (when cold and dry air coming from the continent
is advected over the ocean). Moreover, the intensity of
heat fluxes during winter cold air outbreaks was shown to
be a function of the sharpness of the SST gradient
(Sublette and Young 1996; Zolina and Gulev 2003). By
contrast, in summer, heat flux variability was shown to be
controlled by the absolute SST rather than the sharpness
of the SST gradient (Zolina and Gulev 2003). Konda et al.
(2010) showed that over the Kuroshio heat fluxes were
also dependent on SST and atmospheric circulation.
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Several recent studies have further investigated air—
sea interactions in the frontal region under different
synoptic situations. Young and Sikora (2003) revealed
that the Gulf Stream meanders can generate mesoscale
stratocumulus bands over its warm flank by initiating a
tube-shaped circulation during cold outbreak. Liu et al.
(2014) distinguished regimes of northerlies (reflecting
cold air outbreaks) and southerlies; low-level cloud on
the warm side of the Gulf Stream are more frequent
under a regime of northerlies. Moreover, the composite
of low-level cloud occurrence exhibited a circulation cell
with ascending motion on the warm side of the front and
descending motion on the cold side, which was thought
to further contribute to the cross-frontal transition of
low-level cloud-top height. Nelson and He (2012) found
that over a period of 15 days with several cold air out-
breaks, the Laplacian of sea level pressure (SLP) is well
correlated with the wind divergence as was found for a
5-yr mean in Minobe et al. (2008). These three studies
support a possible anchoring effect via the cold sector of
extratropical storms. Yet, Minobe et al.’s (2008) mecha-
nism has never been tested for an instantaneous event.

The mechanism leading to surface wind divergence or
convergence with respect to SST fronts (Chelton et al.
2004) has been widely debated. Two distinct mecha-
nisms have received large approval: namely, downward
momentum mixing and boundary layer pressure ad-
justment. In the former mechanism, supported by de
Szoeke and Bretherton (2004) and Skyllingstad et al.
(2007), the enhanced turbulence on the warm side of
the SST front brought eddy momentum downward,
causing acceleration of low-level wind on the warm side
of the Gulf Stream as observed by Sweet et al. (1981)
and leading to wind convergence as in Wallace et al.
(1989). In the latter mechanism, supported by Small
et al. (2003), Cronin et al. (2003), and Minobe et al.
(2008, 2010), the cross-gradient winds are pressure
driven and due to the thermal adjustment of the
boundary layer to the SST gradient, a mechanism
similar to Lindzen and Nigam (1987) in the tropics.
This mechanism was refined to account for the advec-
tion by the background atmospheric wind across the
SST front, and it was found that the minimum of sea
level pressure occurred downstream of the front (Small
et al. 2005). Takatama et al. (2012, 2015) proposed an
MABL model separating the role of the two mecha-
nisms and concluded that pressure adjustment domi-
nated over downward momentum mixing to explain the
surface wind convergence. Some studies, however, re-
ported that the sea level pressure signal could not be
detected in observations (Hashizume et al. 2002;
Tokinaga et al. 2005), whereas Cronin et al. (2003) and
Plagge et al. (2016) argued that despite being weak, this



15 FEBRUARY 2017

signal could play a significant role over small length
scales. In an attempt to reconcile the two views, it was
suggested that both mechanisms may play a role under
different background regimes (Spall 2007; Small et al.
2008): if the background wind is weak, the boundary
layer has time to adjust thermally to SST and wind
acceleration on the warm side can be pressure driven;
this is, however, not the case under stronger advection.
In addition, the resolution of models and their vertical
extent used to investigate these processes (Small et al.
2008; Skyllingstad and Edson 2009) modify the general
balance in the momentum equation, with low and high
resolution favoring, respectively, pressure adjustment
and downward momentum mixing.

In addition to surface wind convergence or di-
vergence, some numerical studies reported a secondary
cell with convergence and ascent on the warm side of the
SST front (Huang and Raman 1988; Wai and Stage 1989;
Brachet et al. 2012). This circulation may well partici-
pate together with vertical turbulent fluxes to increase
the depth of the boundary layer. However, Song et al.
(2006) showed that opposite results were obtained in
observations: the acceleration of wind over the SST
gradient under cold to warm airflow caused divergence.
The subsidence associated with surface divergence was
thought to entrain air from the free troposphere in the
boundary layer.

Few studies investigated in detail the link between the
front and the enhanced precipitation on the warm side of
the Gulf Stream. One could expect the mean ascent in
the frontal region to be associated with condensation of
moisture and precipitation as suggested by Minobe et al.
(2008). But a direct response to SST forcing inde-
pendent of the secondary circulations generated near
the front might also be possible. Such a response was
investigated by Skyllingstad and Edson (2009) using a
quasi-Lagrangian framework: two experiments were
carried out in which spatially uniform SSTs were re-
spectively maintained constant and increased in time so
as to simulate the effect of air passing over the SST front.
In the two experiments, the growth of the boundary
layer was forced by radiative cooling, large-scale rain
reevaporation, and mechanical entrainment. When SST
was uniformly varied in the domain, there was more
convective precipitation and turbulence than in the ex-
periment with constant SST. These results are in
agreement with observations; Wayland and Raman
(1989) reported a change of turbulence across the SST
gradient, and organized convection has been noticed.

The strong variability of air—sea interactions with
synoptic regimes and the lack of a clear pathway linking
the Gulf Stream SST front to its anchored rainband
provide two motivations to 1) test whether Minobe
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et al.’s (2008) mechanism remains true for instantaneous
events and 2) assess the mechanisms providing the pre-
cipitation enhancement along the front at synoptic time
scale.

The goal of this paper is to show that the influence of
the Gulf Stream SST gradient on precipitation can be
reproduced for a single synoptic event, where it occurs
mainly in the cold sector of storms, and we will propose a
mechanism explaining this. The remainder of the paper
is organized as follows: in section 2 we present data and
methods, in section 3 the event chosen for the case study
is described, in section 4 we show that sensitivity ex-
periments similar to Minobe et al. (2008) can be repro-
duced with a single synoptic event, in section 5 we
suggest a mechanism to show how the cold sector in-
teracts with the SST gradient, and finally we summarize
and discuss the findings in section 6.

2. Data and method
a. Model and case study

The Met Office Unified Model (UM), version 7.3, is a
finite-difference model that solves the nonhydrostatic,
deep-atmosphere dynamical equations with a semi-
implicit, semi-Lagrangian integration scheme (Davies
et al. 2005). The model uses Arakawa C staggering in the
horizontal (Arakawa and Lamb 1977) and is terrain
following in the vertical with a hybrid-height coordinate
and Charney-Phillips staggering (Charney and Phillips
1953). A rotated horizontal grid is used in the limited-
area model (LAM) configuration, which has one-way
nesting from the global model. The parameterization of
physical processes includes longwave and shortwave
radiation (Edwards and Slingo 1996). A nonlocal mixing
scheme is used for unstable boundary layers (Lock et al.
2000). Convection is parameterized: the convection
scheme used is a mass flux scheme based on Gregory and
Rowntree (1990) with extensions to include downdrafts
(Gregory and Allen 1991) and convective momentum
transport (CMT; Gregory et al. 1997; Stratton et al.
2009). The scheme diagnoses three regimes of convec-
tion: deep and shallow convection, starting from the
boundary layer, and midlevel convection operating
above. The deep convection is triggered by the in-
stability of lifting a surface parcel. The deep and mid-
level convection use a closure based on CAPE, with a
vertical-velocity-dependent CAPE time scale. The ref-
erence time scale for CAPE removal is set to 30 min and
the threshold of vertical velocity for CAPE dependence
to 1ms~'. The microphysics is a mixed-phase scheme
including prognostic ice and liquid water (Wilson and
Ballard 1999).
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For the case study, we chose an extratropical cyclone
which traveled eastward over the western North At-
lantic Ocean basin from 15 to 17 January 2004. The
synoptic conditions of the case study are further de-
scribed in section 3. The Met Office UM has been run
in a global configuration at a resolution of 40km to
generate the boundary conditions of the nested
North Atlantic (NA) domain (resolution 12km).
Two simulations, CNTL and SMTH, are forced by two
different sets of SST. CNTL and SMTH share the same
lateral boundary conditions and differ only by the
prescribed SST. SST is taken from ECMWF opera-
tional analysis at 0.25° and interpolated linearly to the
model’s resolution (12km). CNTL is forced by the
instantaneous SST of 14 January 2004, which is kept
constant for the rest of the simulation. SMTH SST
forcing was produced by smoothing out CNTL SST
using a simple spatial filter, in which each point is a
weighted average of itself and its four immediate
neighbors. The filter was applied in a box centered on
the Gulf Stream SST front with a Gaussian transition
to the region outside the box where no smoothing is
applied. This spatial filter was applied 3000 times at
each grid point. The same technique was used in
Minobe et al. (2008) to generate smoothed SST.
Typical values of the SST gradient in the frontal re-
gion are 5 and 2K (100km) ! in CNTL and SMTH,
respectively. The model was initialized on 14 January
2004 at 1200 UTC and integrated over 72 h. The initial
conditions were provided by the ECMWF operational
analysis (ECMWF 2011).

The use of a nonhydrostatic model is required to model
the mesoscale convective systems occurring in the cold
sector during a cold air outbreak. The finer resolution of
the model outputs presented in this study is 12km. We
conducted CNTL and SMTH experiments at 4km in a
smaller domain centered over the SST front. At this
resolution, precipitation is entirely resolved by the model.
The difference of precipitation between CNTL and
SMTH is similar to the difference simulated at 12km.
Similarly, we found a circulation cell across the SST front
at 4km similar to the one simulated at 12 km.

b. Cold-sector indicator

To partition a given variable inside and outside the
cold sector, we use the indicator combining PV and
sensible heat flux presented in Vanniere et al. (2015) to
limit the spurious detection of the warm conveyor. This
double criterion was shown to be the most accurate to
rightly attribute precipitation and subsidence to the cold
sector in a composite of 57 storms. More specifically, it
was shown to limit the wrong attribution of large-scale
precipitation occurring in the warm conveyor belt to the
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a.15Jan 12 UTC

15 2 25 3 35 4 5 6 8 10
(PVU)

FI1G. 1. Synoptic view of the storm at 1200 UTC on (a) 15 and
(b) 16 Jan 2004 simulated by the UM in the NA domain. PV (in
PVU;1PVU =10"°K kg ! m?s™ ') on the isentropic surface 315 K
(color shading). Sea level pressure (black contours; contour in-
terval of 5hPa). (Note that PV at surface is used to compute the
cold-sector mask and should not be compared to this figure.)

cold sector. The cold-sector mask is set to unity when PV
at 975mb (1 mb = 1hPa) is negative and sensible heat
flux is larger than a given threshold and set to zero
otherwise. A sensible heat flux threshold of S0 Wm ™2 is
used as in Vanniere et al. (2015) for ERA-Interim data.
We refer the reader to this latter study for a thorough
discussion of the accuracy and robustness of the
masking method.

3. Overview of the cold air outbreak event in the
case study

a. Synoptic conditions of the case study

Figure 1 gives a synoptic view of the extratropical
cyclone selected for the case study. After 24 h of simu-
lation, on 15 January 2004 at 1200 UTC, a fold of the
tropopause associated with a planetary wave is passing
over the east coast of North America. It coincides
with a low-level cyclone at 50°N, 60°W, identified by a
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55°N

50°N

45°N

40°N

15 Jan
0000 UTC
35°N
30°N - : — :
84°W  78°W 72°W  66°W 60°W  54°W

FI1G. 2. Track of the extratropical cyclone lowest pressure in
CNTL (blue) and SMTH (red) from 15 Jan 2004 at 0000 UTC.
Lowest pressure is given in hectopascals and in the respective color
of each simulation from 15 Jan 2004 at 0000 UTC and every 12h
after. The gray contours represent CNTL SST (every 2 K).

minimum of sea level pressure. One day later, on
16 January, the upper- and low-level cyclones have
mutually amplified and moved eastward; the minimum
of SLP is now located over Nova Scotia. At that time and
during the next 24 h, the entire Gulf Stream SST front is
located in the cold sector of the storm. The propagation
and magnitude of the lowest pressure in CNTL and
SMTH are similar in the two simulations.

The track of the cyclone and its deepening rate are,
however, slightly altered by the prescribed SST (Fig. 2). On
15 January, the lowest pressure is on the northeastern North
American coast. In the next 24 h, the extratropical cyclone
experiences an explosive development characteristic of
the so-called “bomb storm” with a deepening rate of
32hPaday ! [note that the deepening rates are not scaled
by sin¢g, where ¢ is the latitude, as sometimes done (e.g.,
Sanders and Gyakum 1980)]. During the first 12h of
15 January, the lowest pressure moves southeastward on the
warm side of the SST front, before traveling northeastward
toward Newfoundland on the second half of that day. On
16 January, the storm continues deepening at a rate of
27hPaday". In SMTH, the track of the cyclone is shifted
by 1°-2° of latitude north of its track in CNTL. Note that in
SMTH the SST is warmer than in CNTL north of the SST
front. Even though the cyclone deepening rate is larger in
CNTL than in SMTH during the first half of 15 January, the
opposite is observed during the second half of that day.

b. Precipitation

The total precipitation simulated by CNTL over the three
days of the experiment (Fig. 3a) is the largest south of the
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SST gradient and reaches 25 mmday . Total precipitation
in CNTL is compared to TRMM real-time observations
(Fig. 3b). The pattern of precipitation, with a maximum
south of the SST front, reaching the same amplitude as in
CNTL, is well captured. A few discrepancies can be noticed.
As TRMM cannot detect light rain (Huffman et al. 2007), it
does not feature the low precipitation rates simulated by
CNTL directly off the North American coast. Moreover,
TRMM shows a higher precipitation rate in the
northeastern part of the domain. The overall good agree-
ment between CNTL and TRMM precipitation allows us
to investigate the physical processes in more detail.

Total precipitation is further split into precipitation
occurring outside and inside the cold sector (Figs. 3¢ and
3d, respectively), which corresponds mainly to the warm
conveyor belt (WCB) precipitation. The precipitation in
the two regions is partitioned using the cold-sector in-
dicator described in section 2b. Precipitation occurring
outside the cold sector covers a large area and corre-
sponds to the WCB transiting through the domain.
However, a substantial amount of precipitation occurs in
the cold sector, reaching a maximum of 10mm day ! for
the average of the three days of the case study. Moreover,
precipitation occurring in the cold sector is located in a
band of 5° of latitude south of the SST front, contrary to
WCB precipitation that shows only little connection with
the SST front.

We show the contribution of the large-scale and con-
vective rain in Figs. 3e and 3f, respectively (note that each
has a contribution from the warm and cold sectors). Even
though this decomposition is sensitive to the resolution of
the model, the large-scale precipitation scheme, and the
convective parameterization, it can help infer the physical
processes leading to precipitation. We draw the reader’s
attention to the fact that precipitation in Fig. 3a, which is
found in neither Fig. 3e nor Fig. 3f, corresponds to snow.
Convective rain is situated mainly south of the SST front
and peaks close to the front, whereas large-scale rain is
mostly along and north of it. Interestingly, the detail of this
distribution is consistent with the long time average de-
scribed in Kuwano-Yoshida et al. (2010). The comparison
of Fig. 3c to Fig. 3f shows that south of the gradient, the
WCB precipitation is mainly made of convective rain,
whereas over the SST gradient, it is made of large-scale
rain. This split corresponds, respectively, to the low-level
and ascending branches of the WCB. It is not surprising
that as isentropic surfaces are steeper over the SST front,
ascent is favored and drives large-scale precipitation. The
precipitation in the cold sector is mostly made of con-
vective rain.

The close connection of convective rain in the cold
sector with the SST front together with the numerous
studies mentioned in the introduction, suggesting key
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N (a) CNTL Total precipitation

50°W 40°W

70°W

(d) CNTL Cold sector precip

60°W 50°W 40°W

50°N (mm/day)
45°N 20
40°N
35°N 10
30°N
) ) =
AR . 250N ISV 0
80°W  70°W  60°W  50°W  40°W 80°W  70°W  60°W  50°W  40°W
(f) CNTL CV rain
50°N (mm/day)
45°N 20
40°N
35°N 10
30°N o8
25°N 0

0°W 70°W 50°W 40°W 80°W 70°W 60°W 50°W 40°W

60°W

FIG. 3. (a) Total precipitation in CNTL. (b) TRMM real-time and calibrated precipitation. CNTL precipitation is
decomposed in (c) precipitation occurring outside the cold sector, (d) precipitation occurring in the cold sector,
(e) large-scale rain, and (f) convective rain. All precipitation (mm day ') is averaged over the three days of the case
study . See text for detail of the partitioning between inside and outside the cold sector. The gray contours represent

CNTL SST (every 2K).

interactions between the atmosphere and the SST front
in the cold sector, provides motivation to focus more
deeply on the cold sector in the rest of the paper. In the
next section, we investigate more specifically circulation
changes associated with the convective rain in the
cold sector.

c. Circulation

We found that CNTL exhibits a region of ascent in the
lower troposphere in the cold sector east of 65°W (Fig. 4,
bottom), which is collocated with the convective pre-
cipitation (cf. with Fig. 3d). At 700 mb and west of 65°W,
the air is subsiding as is generally the case in the cold
sector. A longitudinal section through the region of as-
cent is shown in Fig. 4, top. The cold-sector subsidence
west of 65°W and the strong ascent of the WCB at

approximately 40°W extend vertically throughout the
troposphere. Between them, the cold-sector ascent
reaches the midtroposphere only.

4. Interaction of an extratropical cyclone with the
Gulf Stream SST front

a. Precipitation response

In this section, we follow the modeling strategy of
Minobe et al. (2008) and investigate the sensitivity
of air-sea interactions in the extratropical cyclone
described in section 3 to a smoothing of the SST
gradient.

In Fig. 5a, we present the total precipitation in SMTH.
The overall pattern resembles the one in CNTL
(Fig. 3a). The regions away from the smoothed SST
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FIG. 4. (top) Zonal cross section of wind in CNTL (arrows) and
vertical wind only (colors) averaged between 36° and 42°N. Po-
tential temperature (every 4 K) is overlaid in black lines. (bottom)
Vertical wind at 700 hPa in the cold sector in CNTL. The cold-
sector contribution was selected by applying the cold-sector mask
and WCB’s contribution is not shown. Arrows stand for 10-m wind
vectors. The gray contours represent CNTL SST (every 2K). All
the diagnostics are 24-h averaged over the third day of the
simulation.

gradients are very similar, but the sharp maximum that
was simulated on the south edge of the SST front has
disappeared. As in CNTL, there is precipitation in the cold
sector in SMTH (Fig. 5b), but the magnitude is weaker and
it extends farther northward (cf. with Fig. 3d). The differ-
ence in total precipitation between CNTL and SMTH is
partitioned between the cold sector and outside the cold
sector in Figs. 5c,d. The difference in precipitation outside
the cold sector is relatively noisy, as can be expected over
such a short period of time. It is made of alternating pos-
itive and negative anomalies, which correspond to the
slight displacement of the frontal region between the two
simulations. There is no clear relation between this dif-
ference and the SST front, except around 70°W where a
northward shift of precipitation is observed in SMTH.
In contrast to this, the difference in precipitation in the
cold sector forms a coherent dipole of anomalous
precipitation, with enhanced precipitation over the
warm side of the SST gradient in CNTL and reduced
precipitation over the cold side. The precipitation
anomaly reaches 10mmday ' in CNTL (Fig. 5c) and is
mostly formed of convective rain (not shown).
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These results have many implications. First, they show
that a modulation of precipitation by the SST front is al-
ready noticeable in a single synoptic event. Hence, a case
study may shed relevant insight into mechanisms. Second,
the effect of the SST gradient is mostly found on convec-
tive precipitation, which is also the case in a long and sta-
bilized simulation, as shown by Kuwano-Yoshida et al.
(2010), giving credence that similar processes are at work.
Finally, given that convective precipitation is also simu-
lated in SMTH in the cold sector, the main effect of the
SST gradient is to modulate the amount of convective
precipitation rather than initiating the development of
cumulus convection. Note that the change in precipitation
between CNTL and SMTH might be underestimated in
our study as the SST gradient has not been entirely re-
moved in the SMTH experiment.

In an attempt to identify the mechanism setting the
anomalous precipitation, we analyzed the vertically in-
tegrated moisture budget in the region where convective
precipitation in CNTL is enhanced. The detail of the
analysis is not shown but we here summarized the main
conclusions. We found that surface wind convergence
has a primary role in supplying moisture for the anom-
alous convective precipitation. This relation supports
that of Minobe et al. (2008) between surface wind con-
vergence and excess of precipitation on the south side of
the SST front. In section 5, we will show that the dif-
ference in surface fluxes between CNTL and SMTH
modulates the convection on both sides of the SST
gradient and creates the dipole of anomalous convective
precipitation.

b. Dynamical response to the SST gradient

As briefly reviewed in section 1, several studies showed
that pressure adjustment in the boundary layer is the
principal mechanism leading to surface wind convergence
and ascent on the warm side of the Gulf Stream. This
relationship was demonstrated for a 5-yr mean by Minobe
et al. (2008) but also for a shorter period of time such as a
few weeks of cold air outbreak by Nelson and He (2012).
In this section, we investigate if the pressure adjustment
mechanism still holds over one day of cold air outbreak.

The anomalies of vertical wind at 700 mb and surface
wind divergence due to the SST front are presented in
Fig. 6. As the spatial derivatives are very sensitive to
noise, a Lanczos filter in two dimensions (Lanczos 1988)
was applied to data, after taking the difference between
CNTL and SMTH and before applying the spatial de-
rivative in the case of divergence. The cutoff wavelength
is 6 X 1072 km, and the width of the transition band is
4 x 10"?km. The difference of vertical wind at 700 mb
between the two experiments (Fig. 6a) forms a dipole
slightly downstream of the precipitation dipole (Fig. 5¢).
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over the three days of the case study.

Surface wind divergence forms a dipole identical to that
of vertical ascent (Fig. 6b).

As for the long-term mean (Minobe et al. 2008), there
is an overall good collocation of the dipole of Laplacian of
SLP (Fig. 7a) and surface wind convergence at the time
scale of one synoptic event. However, slight differences
are observed; the Laplacian of SLP follows the SST gra-
dient from the North American coast, whereas surface
wind convergence is significant only west of 65°W. This
suggests that in the particular conditions of a cold air
outbreak, the balance suggested by Minobe et al. (2008)
might be more complicated. In the following sections, we
will propose that it is the pressure anomalies set by con-
vection that drive the surface wind convergence on the
warm side of the SST front during cold air outbreaks.

Several studies proposed boundary layer models using
the approximation that the Laplacian of SLP is pro-
portional to the Laplacian of SST (Minobe et al. 2008).
This is based on many assumptions and in particular that
there is no lag in the response of the boundary layer to
the SST. However, other studies found only very
small correlations between the instantaneous fields of
the Laplacian of SST and surface wind convergence
(J. Small 2016, personal communication). This is also the
case here where the nonfiltered Laplacian of SST is
poorly correlated with the Laplacian of SLP (not
shown). We found, however, a better correlation for the
spatially filtered Laplacian of SST (Fig. 7b). This sug-
gests that structures on a spatial scale larger than the

typical size of an oceanic eddy might be more relevant to
this problem.

Figure 8 shows the difference of wind between CNTL
and SMTH in a meridional section zonally averaged
between 65° and 45°W. An anomalous circulation cell is
oriented north-south, perpendicular to the cold air
outbreak mean flow and centered over the maximum
SST anomaly (cf. Fig. 4, bottom). The cell is centered on
the SST gradient, with anomalous surface wind flowing
southward and wind above the top of the boundary layer
flowing northward. The cell is reminiscent of the mean
anomalous circulation found by Brachet et al. (2012)
when the SST gradient is strengthened. Enhanced ascent
in CNTL up to 500 mb is consistent with both Minobe
et al. (2010) and Brachet et al. (2012).

In conclusion, the anomalous convergence of surface
wind, the ascent on the warm edge of the SST front, and
the circulation cell perpendicular to the SST gradient,
which were described as mean state features of the Gulf
Stream frontal region in several previous studies (see the
introduction), also occur in the cold sector of a single
storm. The role of the cold sector in setting the anom-
alous precipitation (section 4a) and the anomalous cir-
culation (this section) response to the SST front
provides motivation to revisit the pressure adjustment
mechanism to account for the role of the strong surface
turbulent fluxes and convection occurring in this part of
the extratropical cyclone. This is done in the following
section.
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FIG. 6. (a) Difference in vertical wind at 700 mb and (b) surface
wind divergence between CNTL and SMTH in the cold sector and
averaged over the third day of case study. (c) Difference in surface
wind divergence between CNTL and SMTH estimated from the an-
alytic formula in Eq. (3). Data in (a)—(c) are filtered using the Lanczos
spatial filter. The gray contours represent CNTL SST (every 2 K).

5. A boundary layer model linking the SST
differences to precipitation and circulation
change

In this section, we build a diagnostic MABL model to
explain in simple steps the mechanism responsible for
the enhanced convection in the cold sector. We first
evaluate the combined effect of sensible and latent heat
fluxes on the integrated moist entropy as cold-sector air
parcels flow over the ocean (section 5a). Then, the dif-
ference of moist entropy is related to the change of
convective available potential energy (CAPE) (section
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FIG. 7. (a) Difference in Laplacian of pressure difference be-
tween CNTL and SMTH averaged over the third day of case study
using sea level pressure (Pam 2). The gray contours represent
CNTL SST (every 2K). (b) As in (a), but for the difference in
Laplacian of SST (Km™?). Data in (a),(b) are filtered using the
Lanczos spatial filter.

5b). Finally, we show that the boundary layer pressure
anomaly set by convective adjustment drives the circu-
lation cell in the cold sector (section 5c). The diagnostic
model is tested against the results of the UM to verify
that it captures the essential convective and dynamical
responses to the SST gradient.

a. Entropy changes in the boundary layer

In the diagnostic MABL model presented here, the
surface moist entropy plays a central role. Moist en-
tropy is modified by heat and moisture uptake as par-
cels move over the sea surface, and when saturated, it
can be related in a simple manner to local CAPE
(Emanuel 1994).

Figure 9 shows the turbulent heat fluxes in CNTL
(contours) and their difference with SMTH (shadings)
in the cold sector of the extratropical storm only. Sen-
sible and latent heat fluxes reach, respectively, 500 and
800 Wm 2 in CNTL, and their maxima are located near
the coast where the air-sea temperature and humidity
contrasts are largest. As expected, the effect of the SST
gradient is to enhance surface turbulent fluxes on the
warm side of the front in the western part of the ocean
basin. Interestingly, though, there are two negative
anomalies of surface turbulent heat fluxes in CNTL
south and north of the positive anomaly. This tripole



1372

Vertical wind section

10
—> 10m/s

N o

T T - — | x10-2

8 — ‘ 4

= 3
X

= 2
S

.6 1
T

0

1

-2

-3

-4
<
'_
%)
%))

-5
36°N 40°N 44°N
Latitude

FI1G. 8. (top) Meridional cross section of the difference between
CNTL and SMTH in wind (arrows) and vertical wind (color
shading) averaged between longitudes 65° and 45°W over the third
day of the simulation. Potential temperature (every 2 K) is overlaid
in black contours. (bottom) CNTL minus SMTH SST (K) averaged
over the same range of longitudes as fields in (top).

pattern is due to the fact that turbulent fluxes are not
only a function of SST but also of the time-varying
boundary layer physical properties. In CNTL, the sud-
den increase of SST leads to an increase of turbulent
heat fluxes just downstream of the SST front. However,
farther downstream, the SST seen by the parcel levels
off and the turbulent fluxes are weaker in comparison to
SMTH. Moreover, we note that the difference in con-
vective precipitation is located farther downstream of
the maximum heat flux anomaly (see Fig. 5), suggesting
that the air mass needs to accumulate moisture and
heat before becoming unstable. The tripole pattern
of anomalous heat fluxes and especially the reduction of
turbulent heat fluxes south of 35°N may amplify the
banded pattern of anomalous convective precipitation.

To relate the change of moist entropy to the turbulent
heat fluxes, we compute 2D (i.e., horizontal motion in the
boundary layer) backward trajectories of parcels from
the cold sector. Trajectories are found by solving the
kinematic equation. We use a first-order finite difference
to discretize the time derivative. The trajectory of each
parcel is integrated backward in time from its final
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FI1G. 9. Surface turbulent in (a) sensible and (b) latent heat fluxes
(Wm™2) in CNTL (black contours) and their difference with
SMTH (color shading) over the third day of the case study. The
gray contours represent CNTL SST (every 2 K).

position, which is chosen to be every 0.5° in longitude and
latitude over the domain 35°-50°N, 70°-40°W. The ad-
vection term is calculated using the mean wind in the
boundary layer from CNTL. The tendencies of temper-
ature and humidity in the boundary layer are obtained by
assuming that air is homogeneously warmed and hu-
midified by surface turbulent fluxes up to the MABL top.
The temperature and humidity of air parcels are then
found by summing those instantaneous tendencies, for-
ward in time, along the trajectories previously computed.
The temperature and humidity are then used to calculate
the moist entropy of air parcels (Emanuel 1994). In
Fig. 10a, we present the difference in moist entropy be-
tween CNTL and SMTH for the 2000 parcels at the end
of their trajectories. As expected moist entropy is en-
hanced on the warm side of the Gulf Stream by almost
20JK 'kg~!. Heat flux integration along parcel trajec-
tories captures the difference of moist entropy calculated
as a function of state directly from model outputs at the
end of the third day (Fig. 10b). The difference of moist
entropy is slightly overestimated by parcel integration as
entrainment of dry air at the top of the boundary layer
and subsidence were disregarded in the integration. This
analysis shows that the history of turbulent heat fluxes
seen by parcels is the primary factor explaining the
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contours represent CNTL SST (every 2 K).

difference in moist entropy simulated between the two
experiments.

b. Modulation of convection

We now try to relate the difference in entropy in
the boundary layer to the local difference in CAPE.
Emanuel (1994) showed that CAPE can be expressed in
terms of entropy using Maxwell’s relation:

TLN B

(s, = Sep)dT, 1)

LFC

CAPE = J

where Ty gc is the temperature at the level of free con-
vection (LFC), Tynp is the temperature at the level of
neutral buoyancy (LNB), s,, is the entropy of the ascending
parcel, and s.,, is the entropy of the environment. The
advantage of using entropy in the formulation of CAPE is
that s, is conserved during the moist adiabatic ascent and is
thus equal to the surface saturated moist entropy sgs.. We
make the assumption that the difference in temperature at
the level of free convection between CNTL and SMTH is
close to the difference in temperature at the level of neu-
tral buoyancy. In other words, we assume that the tem-
perature profile is shifted by the same amount over the

(a) Model CAPE

vertical and that the depth of the convection is not signif-
icantly affected. We can then compute the difference in
CAPE between the two simulations as follows:

CAPE ~ —s'o(T. T .y [
~ —5px( LFC LNB)

LEC

s.dT, (2)

env

where the primes denote the difference between CNTL
and SMTH. The first term on the rhs gives its sign to
CAPE/, whereas the second, accounting for the differ-
ence in the environment in the two simulations due to
the convective adjustment upstream, will partly com-
pensate the first term. This equation is interesting as it
emphasizes the link between the anomalous low-level
entropy, a physical property that can be related back to
the history of parcels passing over SST (see section 5a),
and the difference in CAPE between CNTL and SMTH.

The difference in CAPE between CNTL and SMTH
output directly from the model (Fig. 11a) is now com-
pared with the difference in CAPE calculated analyti-
cally with Eq. (2) (Fig. 11b). UM CAPE is larger by up to
50JK~! on the warm edge of the front in CNTL and
reduced by the same amount north of the front
(Fig. 11a). The difference in analytic CAPE captures

(b) Analytical CAPE
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FIG. 11. Difference of CAPE in CNTL and SMTH over the third day of the case study with (a) CAPE from UM
and (b) CAPE recalculated with the analytic formula in Eq. (2). The gray contours represent CNTL SST (every
2 K). [The box in (a) is used to compute the CAPE and precipitation averaged in Fig. 12.]
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FI1G. 12. Mean distribution of convective precipitation amount as
a function of CAPE for each grid point of CNTL (blue) and SMTH
(red) simulation. The box and whiskers depict the following in-
formation: the median (white dot), the 1st and 3rd quartile (upper
and lower box limits), and the 1st and 9th decile (upper and lower
bar limits). The blue and red dots for CNTL and SMTH, re-
spectively, are obtained by averaging the quantities in the box
depicted in Fig. 11.

to a large extent the difference in CAPE calculated by
the UM; the amplitude of the dipole is of the same order
of magnitude, and the largest value of the difference is
found around 60°W. As could be expected, the analytic
CAPE is overestimated compared to UM CAPE, im-
plying that there is no downdraft or air entrainment
taken into account that could inhibit convection.

We want to test if the change of CAPE on the warm
flank of the Gulf Stream can explain the increase in
convective precipitation. To do so, we have computed the
distribution of convective precipitation as a function of
UM CAPE (Fig. 12). We used hourly averaged CAPE
and convective precipitation by sampling all the model
time steps (every 12min) over the third day. To test
whether our diagnostics are scale dependent, the binning
was tested for single grid points (12-km resolution), by
averaging a square of nine contiguous grid points (36-km
resolution) and by averaging a square of 25 contiguous
grid points (60-km resolution). Each of the three diagnostics
gives the same linear relation between precipitation and
CAPE. So there is no scale dependence of our diagnostic.
(Note that the variance of precipitation tends to increase for
bins of large CAPE; however, the number of points that fall
in those bins being relatively small, it is difficult to conclude
why it is so.) Moreover, the same linear relation is observed
in both CNTL and SMTH. Figure 12 shows CAPE and
precipitation in the box depicted in Fig. 11 for both CNTL
(blue dot) and SMTH (red dot). The two points lie on the
linear fit; therefore, the anomalous precipitation can be di-
rectly related to the anomalous CAPE in the box: an
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increase of CAPE of 15J K~ ' kg~ ! as observed on the warm
side of the SST gradient corresponds approximately to an
increase of precipitation of 7mm day ', which is consistent
with Fig. Sc.

The results of this section confirm that the SST gra-
dient modulates the entropy of the parcels flowing in the
cold sector and enhances CAPE on the warm side of the
SST gradient, thus leading to the formation of an
anomalous band of precipitation.

¢. Dynamical response

The impact of the SST front on low-level convergence
remains to be understood. Here, we assess if the pressure
anomaly set by convection can drive the surface wind
convergence and anomalous circulation cell discussed in
section 4. To that end, we have revisited the MABL
model proposed by Minobe et al. (2008; the detail of
the calculation is given in the appendix) to account for the
role of convective adjustment in the boundary layer. The
following equation relates the difference in surface wind
divergence V - v, in the boundary layer to the difference
in surface saturated moist entropy s

& +f
€

V vy =V (T, = Ty np)Sor] 3)
where ¢ is a friction parameter, f; is the Coriolis pa-
rameter, v is the difference in surface wind between
CNTL and SMTH, and the other quantities are the same
as in section 5b.

The novelty of the diagnostic when compared to
Lindzen and Nigam (1987), Minobe et al. (2008), and
Takatama et al. (2012) is in the fact that the SLP dif-
ference between the two simulations, in the particular
context of a cold air outbreak, is set by moist convection.
The lower troposphere over the warm ocean is effi-
ciently mixed in the vertical because of buoyant con-
vection forced by surface turbulent heat fluxes. This
mixing is limited in the vertical by an inversion located
at a height of 2-3km. The inversion resulting from a
balance between large-scale subsidence and penetrative
convection forced by surface buoyancy fluxes plays a
similar role as the trade inversion in Lindzen and Nigam
(1987). The time needed by surface fluxes to modify the
temperature and humidity in the bulk of the boundary
layer explains why convection occurs downstream of the
SST front. Moreover, the first term in the Laplacian on the
rhs of Eq. (3) differs from the first term on the rhs of Eq. (2)
only by the lower limit chosen for the vertical integration
(surface as opposed to level of free convection). The simi-
larity of these two terms emphasizes the role of convection
in controlling the pressure anomaly in the boundary layer
that drives the anomalous circulation.
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We calculated the surface wind divergence following
the expression in Eq. (3). The prediction for surface wind
convergence from Eq. (3) is illustrated in Fig. 6¢ with the
following choice of parameters: Coriolis parameter
f=10"*s"", drag coefficient C;, = 1.8 X 10>, mean
boundary layer wind in the cold sector |U|| = 17ms ™!,
and averaged height of the boundary layer in the cold
sector Hgp, = 2000 m (conclusions are insensitive to the
choice of the boundary layer height). According to this
simple model, convergence of anomalous wind is ex-
pected on the warm side of the Gulf Stream, in close
agreement with the anomalous circulation simulated in
UM (Fig. 6b).

The slight discrepancies between the modeled and
analytic surface wind convergence west of 70°W (cf.
Figs. 6b and 6¢) might arise from the physical processes
we have neglected in our assumptions and in particular
the vertical transport of momentum across the top of the
boundary layer (Takatama et al. 2012).

6. Conclusions and discussion

The present study reconciles the explanation given
for several climatological features of the Gulf Stream
region and demonstrates the close connection between
air-sea interactions during cold air outbreaks and the
climatological band of precipitation. To evaluate the
impact of air-sea interactions in the cold sector, we
followed the strategy of Minobe et al. (2008) and
forced a regional mesoscale model by two different sets
of SSTs, either observed (CNTL) or with smoothed
gradients (SMTH). The setup used here, with the same
boundary conditions applied at the edge of the domain,
is complementary to Minobe et al.’s (2008) experi-
ments and makes it possible to isolate the effect of the
SST gradient on the same extratropical cyclone. The
main result of these experiments is that a band of
precipitation following the line of the SST gradient was
simulated during the course of a single storm as it was in
their study for a 5-yr climatology. This first result is
substantial as it suggests that some key mechanisms
leading to an increase of precipitation on the warm
edge of the SST front do not require a long stabilized
simulation.

Several features simulated during the cold air out-
break are reminiscent of the findings of previous
studies. First, the excess of precipitation in CNTL
compared to SMTH is predominantly convective rain.
This result is consistent with Kuwano-Yoshida et al.
(2010), who showed that in a simulation of 2°, the
impact of the SST gradient for a 5-yr mean was
an anomalous band of convective precipitation. Sec-
ond, the enhanced low-level convergence and the
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associated meridional secondary circulation across
the SST gradient simulated in this study are consistent
with the observed surface wind convergence (Chelton
et al. 2004; Minobe et al. 2008), and the enhanced
ascent extends into the midtroposphere (Minobe
etal.2010). The secondary circulation associated with
the occurrence of low-level cloud unraveled by Liu
et al. (2014) is observed in this study.

The mechanism leading to an increase of convective
precipitation and a cross-frontal circulation cell in
CNTL is summarized in Fig. 13. After the passage of
the cold front, the contrast of cold and dry air blowing
from the continent over warmer waters generates in-
tense turbulent heat fluxes. The boundary layer mix-
ing scheme and convection scheme work together to
homogenize the whole depth of the boundary layer.
The same sequence of processes was observed in
CNTL and SMTH. The effect of the different SSTs
was to modulate the timing of this sequence and its
spatial distribution. In CNTL and on the warm edge of
the front, shallow convection develops earlier and the
amount of convective rain increases. On the contrary,
convection is reduced over the cold edge of the SST
front. A simple MABL model showed that the history
of the heat fluxes seen by the parcels flowing from the
land in the two experiments could explain the differ-
ence in convective available potential energy and
convective rain in the two experiments. We stress that
the onset of the cumulus convection is related to the
direct SST forcing and not to the SST gradient. In
addition, the differential convection on both sides of
the SST gradient in CNTL sets a dipole of anomalous
boundary layer pressure that drives the anomalous
circulation cell (cross section labeled B in Fig. 13).
Vertical ascent is enhanced up to 500 hPa on the warm
edge of the SST front in CNTL. The low-level hu-
midity convergence associated with this secondary
circulation is in balance with the anomalous convec-
tive precipitation in CNTL. Upstream of the cold-
sector convective region (cross section labeled A in
Fig. 13), the boundary layer pressure did not have time
to adjust and to produce a cross-frontal circulation
cell. In SMTH, the SST gradient and the differential
convection are too weak to generate an anomalous
circulation (cross section labeled C).

The mechanism suggested here gives a slightly
different picture from the mechanism presented so
far in the literature. The effect of the SST gradient is
more to generate a north-south contrast of SST,
modulating convection, than to have a direct dy-
namical effect on the circulation. We did not find a
secondary circulation along the flow that would be
directly induced by the SST gradient as in Huang and
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Raman (1988), Wai and Stage (1989), and Liu et al.
(2014). We did, however, observe a difference in
wind convergence but far downwind of the North
American coast and a secondary circulation but
perpendicular to the background wind. As suggested
by Small et al. (2008), the interaction of the bound-
ary layer dynamics with the SST gradient depends on
both the resolution of the model and the intensity of
the background wind. Thus, further work needs to
confirm the relevance of the proposed mechanism
with various model resolutions. Yamamoto (2012)
showed that there exists a large diversity of cold air
outbreaks in the western North Pacific basin. If this is
also the case in the western North Atlantic basin, and
since Spall (2007) suggested that the background
wind may lead to a different balance in the mo-
mentum equation, it could be interesting to test the
significance of our results under different back-
ground conditions.

The novelty of the diagnostic boundary layer model
proposed in this study when compared to Lindzen and
Nigam (1987), Minobe et al. (2008), and Takatama et al.
(2015), in the particular context of a cold air outbreak, is
that it puts emphasis on the role of moist convection. In-
deed, it shows that the lower troposphere over the warm
ocean is efficiently mixed in the vertical because of moist
convection forced by surface turbulent fluxes. This mixing

is limited in the vertical by an inversion located at a height
of 2-3km. The inversion results from a balance between
large-scale subsidence and penetrative convection forced
by surface fluxes in a similar way as the trade inversion in
Lindzen and Nigam (1987). The enhanced convection
over the warm side of the SST front causes negative SLP
anomalies further driving the convection cell across the
SST front. This is in line with Minobe et al. (2008), as their
MABL model and ours are two equivalent points of view,
when moist convection occurs in the cold sector.

The cold-sector air—sea interactions presented in this
paper form a potential ““cold path” by which the Gulf
Stream front anchors atmospheric mean state features.
Such a cold path would explain why the band of pre-
cipitation almost disappears during summer, as the
weaker heat fluxes are less susceptible to destabilize
the low-level atmosphere. It would also explain why the
response of vertical wind to the SST gradient is re-
stricted to the lower troposphere in winter [as shown
by Minobe et al. (2010)], as this is consistent with the
strongly stratified midtroposphere and subsidence of
the cold sector. The long term effect of the cold path on
the atmospheric climatology is currently investigated
and will be the subject of another study.
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APPENDIX

MABL Model for the Cold Sector

In the following, we recast the MABL model pro-
posed by Minobe et al. (2008) to account for the pressure
anomalies set by the convective adjustment in the bulk
of boundary layer. Following Lindzen and Nigam (1987)
and Minobe et al. (2008), the equations of motion in
pressure coordinates read as follows:

i aF
() rel5) @
i G
fu = (8y>,,,x+g(8p)x,y’ and  (A2)
ag’ y
— =« A3
(6p>x,y ' (A3)

where u and v are, respectively, the zonal and meridional
components of the horizontal wind, f is the Coriolis
parameter, ¢ is the geopotential, F and G are the x and y
components of the small-scale Reynolds stress, « = RT/p,
with R the gas constant, and the subscripts denote
whether x, y, or pressure p is kept constant.
Differentiating Eqs. (A1) and (A2) once with respect
to pressure and using Eq. (A3), we obtain the following:

o da! ?*F
—f (_v) = <i) + g(_z) and (A4)
P/ xy X/ py P/ xy
ou' da’ ’G
(%) =(5) +e(5n)
/)y N/ s D" )y
Following Emanuel (1994) and using Maxwell’s re-
lations, we can relate the fluctuations of the parcel’s

specific volume (8a),q, at constant pressure to the fluc-
tuations in the parcel’s saturated moist entropy osgar:

Ja oT
(801)par = <assar>p8s§ar = (@) X*Ss;‘ar.

Making use of Eq. (A6), it follows that

(AS)

(A6)
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and

(A7)

<6a/) (aT) (as’*)
0. 0, d

X py P VS X sy
dol\ (9T (35
), \p) \dy)

Dropping the subscripts x, y, and p in the partial de-
rivatives, we thus obtain the following:

(A8)

o [T\ 9%  9°F
=) ZE 42 and A9
ap (817),?* ax S (A9)
o' [aT\ 9% &G
T o () 24T A10
/ ap (ap)sk oy Eop? (A10)

Now, we introduce the key assumptions that both (', v")
and (dF/dp, dG/dp) vanish just above the boundary layer
(it can be seen on Fig. 8 that at an altitude of 2000 m,
corresponding to the mean boundary layer top, hori-
zontal wind anomalies are much weaker than at the
surface). Using Eqs. (Al) and (A2), this implies that
a¢'lax = a¢'/dy = 0just above the boundary layer. This is
similar to the assumption made by Lindzen and Nigam
(1987) in their boundary layer model without a ‘‘back
pressure adjustment.” In addition, we also assume that
whenever convection is present in the cold sector, the
saturation moist entropy does not vary significantly with
height (this is a statement that convection is rapid
enough to bring the lower atmosphere to a state of
neutrality to vertical displacement of parcels from low
levels; e.g., Emanuel 1994). Interestingly, the large-scale
subsidence present in the cold sector in our model plays a
similar role to the large-scale subsidence of the Hadley
cell in Lindzen and Nigam’s (1987) model.

Integrating vertically Egs. (A9) and (A10) from the
surface (denoted by the subscript 0) to above the
boundary layer top (BL), we obtain the following, using
the above assumptions:

Po oT (")S,*

—fyy = J (—) —dp —euy; and (All)
PpL p S 9x
Po (9T 0

full, = J ' <—) T ip - ev,. (A12)
PeL ap RES ay

In the above, we have used the following model for the
surface stress:

and (A13)

(A14)
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After a bit of algebra and assuming f varies according
to the B-plane approximation, we obtain the following:

82 + ; / / !/ /
TG Ny = AT, = Ty sl = o = o).
(A15)

The dimensionless number obtained from the ratio of
the second term on the rhs to the first term on the lhs has
the order of magnitude of BL,/f (with L, the meridional
scale of the surface wind divergence dipole) and quan-
tifies the relative importance of those terms. Assuming
L, is 500 km, we obtain SL,/f ~ 0.1, and the second term
on the rhs can be neglected. The key Eq. (3) in section 5¢
follows immediately.

Finally, we want to draw the reader’s attention to the
relationship between our model and Minobe et al.
(2008), who related the surface wind divergence to the
Laplacian of SLP. In the following, we demonstrate that
when moist convection occurs in the cold sector, those
two points of view are equivalent. For the sake of sim-
plicity the demonstration is made for the x component
only. Equation (A7) can be written as follows:

9 (9" _ [aT\ 95
ap \ ax ap ), ox

If we neglect d¢’/dx at the boundary layer top, we get the
following, after vertical integration from the sea surface
to the top of the boundary layer:

(A16)

a¢’) s’
™ =—(T) =Ty )——.
( x p=p, ox

Using the approximation ¢’ ~ SLP'/p,,, where p,, is an
average density in the boundary layer, this can be re-
written as follows:

(A17)

/

Py

1 (BSLP (A18)

— 08
ax>_ (o= Ton) 5

After taking another x derivative, applying the same
method to get the second y derivative of SLP’, and using
Eq. (A15) with the B term neglected, this can be com-
pared with Eq. (3) to find that divergence is proportional
to the Laplacian of SLP in this model as in Minobe
et al. (2008).
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