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Abstract

The evolution of the marine atmospheric boundary layer (MABL) in the vicinity of a sea surface
temperatire (SST) front is of particular research interest, as the largeaitemperature

difference at the surface fuelariousphysical processes inside the boundary lagaarsing
intenseheatand momentum exchandga&uch processes make the mesoscale MABL an ecean
drive-atmosphere scenario. Dominant mechanigitispugh having been studied intensivelye

still yet to be fully understood due to the highly turbulent nature of the MABL. Previous studies
oftenrelied on satellitederived SST and wind fieddo investigatdooundarylayer dynamics, yet

the coarse spatial and temporal resolution of such a method limits the understanding of the
MABL evolution on a shorter timescale.

In this thesis, a combination of in sitatd and model simulations is used to investigate the
MABL response to the SST front in the Gulf Stream regioma timescale afneday or less
Analysis of MABL structure is divided into three categories depending on the background wind
direction and stmegth: cold to warm, parallel/weak, and warm to cold. Tmechanisms

identified in previous studies, vertical mixing and thermally induced pressure graaiéheir

role in MABL evolution,are studied quantitativelyA comparison between observatiand
modelsimulationsallowsfurther analysis of the contribution from moisture processes that were
oftenconsideredgecondary in the pafkesults show that vertical mixing is responsible for the
maj ority of the MABL deepeseéffacyis morelsignlficantwhere pr es s L
the crosdrontal wind is weak. Sensitivity test®nductedn the Weather Research and Forecast
(WRF) also show that moisture processes, including surface latent heat, atmospheric moisture
exchange, and cloud formationmppide additionalnornegligible mixing strength that further
drives MABL changes.
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Chapter 1

Introduction

The marine atmospheric boundary layer (MABL) is defined as the part of the troposphere
that is directly influenced by the presence of the sea surface and responds to surface
forcings with a timescale of about an hour or less (Stull 1983)ehavior neaa sea

surface temperature (SST) front is of particular interest, as it is directly affected by the
air-sea temperature difference induced by the SST gradient (Stull 368 et al.

2008). The GulStreama western boundary current (WBC) that brings warm water from
lower latitudes to further north, on the eastern coastline of the United States, often creates
a sharp sea surface temperature (SST) differ
water and th core of the Gulf Stream (Wai and Stage 198hanges in the boundary

layer structure due to such an SST difference lead to significant MABL evolution that
alters thesystem statand responssn both the atmosphere and the ocean surface (Stull
1988) and thus it is of great importance to study and understand the undefyyiagics

behind tlese changes.

Field experiments in regions where sharp SST front exists have been conducted over the
last decadedor example, studies on the Frontal-Siea Interaion Experiment

(FASINEX) (Friehe 1991), The Marine ARM GCSS Pacific C¢8ggtion

Intercomparison (GPCI) Investigation of Clouds (MAGIC (Xiaoli et al. 2015).
Observations from the Eastern Pacific Investigation of Climate 2001 (EPIC@@01

Szoeke et aR005; McGauly et al. 2004andthe Agulhas Current AiilSea Exchange
Experiment (Rouault et al. 2000)hese studies aimed to provide insights on the MABL
change due to SST front by analyzing in situ measurements. In the other direction,
numerical modelinghat simulates the MABL near an SST front has also b#ensively

used (e.g., Spall et al. 20Bkyllingstad et at. 20QKilpatrick et al., 2014Schneider

and Qiu, 2015). These studies used more quantitative and theoretical analysis on thermal,
momerium, and turbulent kinetic energy (TKE) budget from idealized model results to

study the governing dynamics that lead to observed chamiesBL.
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In previous literatureseveral importantnechanisméave been identified to have

significant impact on the observed boundary layer growth and surface wind change (e.g.,
Small 200806 Ne i | e Kilpatrick 20142 SrHn@der 20155tability change (e.g.,

Wai and Stage 1988), vertical mixing due to erdeal surface fluxes (e.g., Spall 2007),
thermally induced pressure gradient (e.g., Lindzen and Nigam 1987), and surface current
effect (e.g., Kelly et al. 2001) are the most significant ones that are accountable for
oceandriven surface wind change near@®aT front (Small 2008). Previous studies have
shown that the background wind direction and strength is crucial (Friehe 1991), as the
crossfrontal wind component directly determines the strength of adveatidrihe
adjustment time¢hatair masdakes tareactto SST(Kilpatrick 2014) Thus, it is

important to study the MABL boundary in different wind ca$¥hile previous studies

have shown extensive progresses over the past detzelespidchanging nature of the
MABL near an SST front makes comprehgasbservation on the boundary layer a
challenging task, as the spatial and temporal interval between observations is inevitably
large with traditional observation platforrfesg., shipthat aim to cover a large area in

the vicinity of the SST froniAs a result, in situ observations on the MABL often face the
problem that they are valid for longer timescale eB0xdays (e.gRlagge et al., 2016),

but become less reliable when the timescale is closelay,which is the scale over

which themarine atmosphere boundary layer (MABL) adjustment often occurs (Stull
1988; Spall 2007; Kawai et al. 201#&pr this reason, previous studies ofteliedon
numerical simulations to resolve the fine dynamics inside the boundaryltager.

common in thee simulations that moisture processes (latent heat, atmosphere humidity,
cloud formation) are neglecteds the dry dynamics are considered to be the main driver
of boundary layer change in their simplified setup (e.g., Kilpatrick 28tBneider

2015). £hneiden2015) however, pointed out that moist process should be a focus for
MABL studies Overthe seaurface, moist processes including latent heat flux can
provide significant mixing that can directly affect the strerajthertical mixing (Garratt
1985).de Szoeke (2005) also showed that the formation of cloud can lead to enhanced
entrainment via cloud top radiative cooling in the EPIC regibmse processes,

however, are still understudied in model simulations. The lack of moist processes also

makes it difficult to compare model results to realistic observational data.

13



At this point, the goal of the thesis is clear: a combination of observations and model
simulation results are analyzed to study the behavior of the MABL near the SST front in
the Guf Stream region. In Chapter 2, in situ observations from severakhehpaignsn

this region are documented and studiBte observatiowindow of each transect is 12

24 hours, aiming to capture the boundary layer evolution within this time scale. Major
mechanisms affecting the boundary layer change are identified and their contribution is
guantified. In Chapter 3, a series eD2Weather Research and Forecasting (WiRBjlel
simulations are studied to further differentiate the strength of each mechanism under
different wind conditions. Model dynamics are turned on/off to separate and distinguish
the effect of moist processard esults are compared with observation€apter 2In
Chapter 4, &ull-dynamic 3D WRF simulationwasconducted tdridgethe gap between
idealized 2D simulations and fieldbservationatesults. In Chaptes, a summary of

results, as well as potential future directiaeqresented.
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Chapte 2

The Behavior of the Atmospheric Boundary Layer
the Vicinity ofthe Gulf Stream Sea Surface
Temperature FronDbservations

Abstract

In situ observational datreanalyzed to study the behavior of the marine atmosphere boundary
layer in the vicinity of the Gulf Stream, where a sea surface temperature front with a sharp
temperature gradient larger than 6 degrees is present. Ship transects from the CLIVAR Mode
WaterDynamic Experiment (CLIMODE) and the Processes Driving Exchange at Cape Hatteras
(PEACH) campaigns provide both surface measurements and atmospheric obsanaation
Rawinsonde launches. The evolution of the MABL near the SST front is categorized iato thre
cases based on the background wind direction and stresigthgcold sideto warmside wind
parallelto front/weak windand warm to da wind. Different analysis methods aneed in each

case tdifferentiate the role of the SST front in boundaryelagdjustments. Two mechanisms are
proposed to be the main contribittw observed MABL changes: vertical mixing and thermally
induced pressure adjustment. Both qualitative and quantitative analysis show that the vertical
mixing provides the majority oftserved boundary layer height growth and entrainment. Surface
buoyancy flux induced by the adea temperature difference near the SST front provides the bulk
of the estimated entrainment at the top of the mixed layer, while the shear driven entraimiment an
cloud top radiative cooling provide a lesser portibime pressure gradient adjustment is not
significant in the strong crogsontal windcase butan be responsible for observed surface wind
acceleration in the weak wind cagesults also show thatdlstability change only contributes a
minor amount to surface wind change. Only qualitative analysis can be performed on the warm to
cold case due to data availability, but the formation of the stable boundary layer and its evolution
is consistent with préous studies and model results.

2.1 Introduction

The Gulf Streams awestern boundary current (WBC) that brings warm water from
lower latitudesto further northpnthe eastern coastline of the United States. In this
region, a sharp sea surface temperature (SST) difference greated gtabetween the
cooler water and the core of the Gulf Stream is often obs¢wWadand Stage 1981)

Due to this sharp SST gradieatr-sea interaction inside the boundary layer is often

15



enhanced significantly through intense sensible heat and moisture exchange, and an
oceanforcing-atmosphere scenario is often created (Warner et al., 1989; Small et al.
2008; Plagge et al., 2016). 04y it is of great interest to study the response and dynamics
inside the boundary layer in the vicinity of the Gulf Stream, where strong SST gradients

are found.

While this topic has been studied intensively in the past decades, previous studies often
rely on numerical simulations and largeale satellite data due to the scarcity of in situ
measurements (Skyllingstad et al. 2007; Doyle et al. 1993) These studies have found
significant correlation between the SST gradient, surface stress, wind speedssuidep
gradient (Plagge et al., 2016; OO6Nei l 2003,
days, however, it is not known whether these findings are robust on time scales of 1 day
or less, which is the scale over which the marine atmosphere bguaygkar (MABL)
adjustment often occurs (Spall et al. 2007; Kawai et al. 2014) The spatial and temporal
resolution of satellite data is often insufficient to resolve boundary layer adjustments,

which can occur withid hourand over 10km (Stull 1988).

Prevous field experiments conducted in other regions where a sharp SST front exists
provided valuable information on time scales shorter than those that satellite observations
can resolve. For example, studies on the FrontaBaa Interaction Experiment

(FASINEX) described the boundary layer stability and height adjustment in different
wind regimes in Bermuda. (Friehe 1991). Tharine ARM GCSS Pacific CrosSection
Intercomparison (GPCI) Investigation 6fouds (MAGIC)documented the evolution of
MABL clouds over several ship legs near California and Hawaii (Xiaoli et al. 2015).
Observations from the Eastern Pacific Investigation of Climate 2001 (EP1C2001)
described the atmospheric boundary layer adjustments and tropical instability waves
(TIW) in the equatoal ITCZ region where a northward SST gradient exists (de Szoeke et
al. 2005; McGauly et al. 2004). the Agulhas Current AiilSea Exchange Experiment,

the response of the MABL under alefrgnt winds was examined (Rouault et al. 2000).
These in situ measurements including aircraft flights, Rawinsonde launches, and direct
covariance/bulk estimation of surface heat fluxes produced datasets with both high
temporal and spatial resolution near an SST front, which are essential to resolve the

evolution of the boundary layer in response to the underlying SST gradient.

16



Building on this earlier work, this study aims to investigate boundary layer evolution by
docunenting and analyzing in situ measurements includinglsbgod flux

measurements and Rawinsonde launches in the region of the Gulf Stream from three field
campaigns: CLIVAR Mode Water Dynamic Experiment (CLIMOOEgarshall et al.
2009)PILOT section in Jauary 2006, CLIMODE main section in February and March
2007, and th@rocesses Driving Exchange at Cape Hatt@®@B#ACH) (Seim et al. 2022)
recovery section in November 2018. One objective of this study is to analyze the
evolution of the boundary layer adtment with several possible dynamics, including

pressure adjustment, vertical mixing, and stability change.

Monin-Obukhov Similarity Theory, Surface Heat Flux and Turbulence induced

Boundary Layer Modification

The atmospheric boundary layer (ABL) is idefd as the part of the troposphere that is

directly influenced by the presence of the
with a timescale of about an hour or | ess (
boundary layer height frommeot e . . . 0) One maj or <character.i

the presence of turbulent flows. The generation and dissipation of turbulent kinetic
energy (TKE) contributes significantly to the flow structure and mixing inside the
MABL. The surface layer, whbh is about the lowest 10% of the total boundary layer, is
directly affected by sea surface friction and has almost constaas@iitheat, moisture,

and momentum across it. Within the surface layer but outside the wave boundary layer
where turbulence isnore complicated due to surface waves, the turbulent flow can be
described with the Mon#®bukhov similarity theory (MOS), by which a set of scaling
parameters is used to rdimensionlize variables inside the surface layer including
velocity, moisture ath heat flux (Stull 1988, Plagge 2016). With MOS, a friction velocity

0. can be defined as:

Al On T

0. ouv VY) (2.1)

where6 , 0 and0 are horizontal and vertical velocity fluctuations relative to a temporal

mean. With this friction velocity, the surface wind stress can then be expressed as:

17
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T " 00 e’ o (2.2)

~

where” is theair density. Within the boundary layer, a length scale L can be defined as

the MoninObukhov Length scale, such that:

0 — (2.3)

where is the mea virtual potential temperatur the Von Karman constantg the

local gravitational acceleration and— the buoyancy flux. Note that the virtual
potential temperature is defined as:

— —p TP | (2.4)

where—is the potential temperature, r the mixing ratio of water vapot atite mixing
ratio of liquid water in the air. The use of virtual potential temperature is convenient in
measuring the buoyancy inside the MABL as it takes both sensible and latent heat into
account. Within the surface layer, the vertical shear of the flandcan then be
predicted with MOS as a function of z/L:

—— . A (2.5)

z

With these dimensionless parameters, the characteristics of the surface béaystary

such as vertical wind profile and drag coefficient, can be modeled. Methods are described
in detail in previous studies (e.g., Fairall et al. 1996; Edson et al.2003, 2004; Plagge
2016). In this study, th€oupled OcedrAtmosphere Response Experimé@OARE)
algorithm(Fairall et al. 1996, 2003; Edson et al. 2018)used to estimate these variables,
generating bulk estimates of surface fluxes and stability parameter. One important

variable to note is the buoyancy heat flux, which has the form of:

5000 —e " 667 (2.6)

whereO is the specific heat of moist aify, the virtual temperature scaling parameter

While sensible heat flux and latent heat flux are often ursbdundary layer

meteorology separately, the buoyancy heat flux combines the sensible heat and moisture

18



exchange at the surface and serves as a measure of the strength of the turbulence (Stull
1988).

In the region where a sharp SST gradient exists, the buoyancy flux is often positive
(upward) on the warm side of the SST front, representing the convective boundary layer
driven by the warming of overlying air by the warmer sea surface. In this case, a

convective velocity scale can be defined as:

0, —0— 7 (2.7)

whered is the average mixed layer (ML) depth. The s subscript denotes the buoyancy
flux at the surface. In a free convection scenario, the magnitude of the velocity of the
uprising thermals caused by surface heating is close to the convective velocity scale. In
regions where a strong horizontal SST exists, and the wind is blowing from the eold sid
of the front to the warm side, cold air above warm water will lead to a stability function

¢ <1 and enhance the vertical turbulent mixing, leading to an increase in boundary
layer height. Uprising thermals reach the warmer free atmosphere (FA)ap thiethe

mixed layer and overshoot a short distance (Deardorff et al. 1969). During this process,
dry and warm air from the FA is rapidly mixed down to the mixed layer due to strong
turbulence, causing the ML to erode into the FA and deepening the lopleaga. The
volume flux of entrained aif) , together with the subsidence velocity at the top of the

boundary layet , can be used to describe the boundary layer height development:
— 0 0 (2.8)

Previous studies have shown the importance of this mechanism (e.g., Friehe 1991;
McGauly et al. 2004Rouault et al. 2000; Hayes et al. 1989; Song et al. 2004) by
separating the wind regime into differentessin a case where cold air is above warm

SST, a significant increase in boundary layer height and buoyance flux is often observed.

The coupling between surface strassd field and SST has been observed and studied
extensively (e.g., Giordanietal@@ ; Chel ton et al. 2001; Wall &
et o661 . 2010; Pl agge 2016). Two major mechani

have been the increase in momentum budget due to surface stability change and the
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mixing of highmomentum air fron the FA due to entrainment (Spall 2007; Small 2008).
While the second mechanism is sejplanatory, the first mechanism can be explained

by the semiogarithmic profile described with MOS:
Y& o Yo —a&fe o 4Gn (2.9)

whereQl is the surface roughness length &nd related to the integral of . In a case

where the stability parameter is less than 1 or negative (unstable), wind speed will
increase according to Equ.2.9. Coupling tluboth mechanisms has been seen in

previous studies (Sweet et al. 1981; Businger and Shaw 1984; Hayes et al. 1989; Nonaka
et al. 2003). Vertical wind shear in a convective boundary layer is often observed to be
reduced due to the wathixed structure oftte ML.

In a case where warm air is advected to a cooler sea surface, a stable internal boundary
layer is likely to form due to the negative (downward) buoyancy flux (Small et al. 2008;
Stull 1988; Hsu 1983). The difference between the SST and the agresome modifies

the surface layer to a neuttatstable layer, where strong stratification counteracts the
mechanical production by wind shear. The reduced vertical mixing causes the top of the
boundary layer to decouple from the surface layer and becamesidual layer, where

the subsidence velocity becomes dominant and acts to lower the residual layer height. At
the lower 50m 200m of the boundary layer, a stable layer witlincreasing with height
(inversion) is often present. The growth of thebe boundary layer (SBL) can be

modeled as
Q 0 06 7 (2.10

where’Q is the SBL height) the total heat flux acting on the SBL, t the time
elapsed and B theulk turbulence scale, which is the ratio of the SBL height to the

difference between residual layer air and the 13eaiace air (Stull 1988).

In the region where a clearly defined SST front is present, the large magnitudses air
temperature difference when warmer air is advected to the cooler sea surface often causes
the stability parameter to change sign (Rouault et al. 2000). In theigrghthuld cause a

decrease in wind speed according to Equ.2.9 and a lack of vertical mixing of higher
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momentum air from the FA due to the formation of an SBL. Friehe (1991) and Song
(2004) reported a slowing of wind on the cold side of the front. Howesmeds in SBL

can have very complex characteristics (Stull 1988). The decrease in roughness and drag
may acts to accelerate the wind in cases where complex forcings are present (Small
2008), thus it is important to consider the temporal and spatial sodlthainteraction

with largerscale processes such as cyclogenesis when investigating the wind field within
the SBL.

Another characteristic of an SBL is the formation oflewel jet (LLJ). LLJ is a thin
stream of fastmoving air with maximum wind speexd 10 to 20 m/s usually located 100
to 300m above the ground (Stull 1988). It has been argued that within an SBL, the ML
turbulence weakens and pressure gradient tends to accelerate the wind to reach
geostrophic balance, however the inertial oscillatioa the Coriolis force will cause the
wind to be 2 to 5 m/s faster than geostrophic wind (Garratt,1985; Kraus et al. 1985). In
the vicinity of an SST front, sua@phenomenon is observed on the cold side of the front
(Vihma et al. 1998), and the LLJ in artieal wind profile can often help to quantify the
SBL height as it often resides on the top of the SBL (Stull 1988).

SST Gradient Induced Pressure Gradient

Another important process that often occurs in the vicinity of a sharp SST front is the
thermally induced pressure gradient and the resulting secondary circulation. Lindzen and
Nigam (1987) used a simple olayer model of the trade cumulus boundary layer in their
paper to examine the local influence of the SST gradient on the flow foreeduned
pressure gradient in the Pacific ITCEhe Inter Tropical Convergence Zgmegion.

They found that the local flow was very sensitive to the pressure gradient and the
resulting lowlevel tropical flow and convergence were prominent, yet not refatedt

latent heat release. They suggested that the secondary flow could have a profound

influence on the mass redistribution and wind field adjustment inside the boundary layer.
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Wai and Stage (1989) used a numerical model to investigate the MABL aéijistim

the Gulf Stream region. In their study, they found that the difference in SST created
variations in the horizontal surface pressure perturbation, and as a result, a thermal cell
was formed. The upward motion on the warm side led to boundary legpewning. They
also suggested that the increased surface stress on the warm side was due to the

baroclinicwind field rather than the change in drag coefficient due to stability change.

Small et al. (2005) used a numerical model to study the-trastl flow adjustment in

the region of the Pacific cold tongue. Based on their analysis on the momentum budget
from the model, they suggested that the hydrostatic pressure set up by the SST gradient
significantly contributes to observed wind acceleration, whiak consistent with

observations from Tropical Atmosphere Ocean (TAO) moorings and the EPIC campaign.

O 0 &ll et al. (2010) used the Weather Research and Forecasting (WRF) model with
monthly mean output to investigate the flow adjustment in the Agulha® reurrent
region and found that the aforementioned vertical momentum mixing mechanism acting

in concert with the pressure gradient to accelerate the flow downwind.

In terms of observations, Mahrt et al. (2004) used aircraft-eddlation data to
investigate the evolution of MABL off the coast of North Carolina. A significant
horizontal pressure gradient due to warming of air was observed downwind of the SST
front, and an acceleration in the wind field that was consistent with the local horizontal
pressure gradient was also observed. They thus hypothesized a logakksure system
superimposed on larger scale pressure system. The pressure perturbation induced

thermally in their study was calculated in the form:
0 -"0— (2.11)

where — is the vertically integrated potential temperature from the surface up to a
heightQand is a scale value of the potential temperature. They pointed out that,

though there were inadequate observations of the vertical structure to resolve the process,

the sign of the local pressure gradient was consistent with the flow acceleration. Note that

in this study the valu&Js the boundary layer height, instead of a constant value as in
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Mahrt 1982, Kawai 2014, as we argue that in a rapidly growing boundary layer, the top
of the MABL better represents the upper bound of sufeainginduced flow.

More recently, Kawai et al. (2014) conducted similar observations in the Kuroshio
region. They calculated the thermally induced pressure gradient using an approach
similar to Equ.2.11. They found that the spatial perturbation in surface level pressure
(SLP)tended to correlate with SST perturbation, and-llevel convergence was
suggested over higher SST, in which case @seeze like circulation would be formed.
They also pointed out, however, that such a relation was not always evident during the

observéion period.

Plagge et al. (2016) investigated the coupling between surface wind stress and SST
gradient using in situ buoy measurements in the Gulf Stream region from CLIMODE and
wind measurements from the QuickSCAT satellite. They observed an atmospheri

pressure perturbation of hPdC along the SST pressure gradient on a time scale of 10

100 days. A peak negative correlation between pressure and wind speed was observed on
a 50 70-day scale. They pointed out that the inferred strength of couplingeetwind

field, surface stress and the SST gradient was highly dependent on the analysis timescale.

In general, previous studies have come to agreement on the contribution from local
pressure gradient to the wind speed and surface stress on time@ugdesHan a week

and in numerical simulations. However, this correlation between surface level pressure
and SST is less obvious ingitu observations on a shorter time scale of 1 day or less
(Kawai et al. 2014). One plausible explanation for such a ereakrelation can be the
superimposition of a larger scale pressure system in the region of interest, e.g.,
atmospheric tide or synoptic storms. Pressure perturbations from these larger scale
systems can often counteract snsalhle processes and modilgvis in a less predictable

way on a shorter time scalBl(estein, H. B,1992.
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Cloud Formation and Radiative Cooling

It has been recognized that the Gulf Stream has a profound influence on the cloud
formation in its vicinity (30). Bands of stratocumulus clouds are often observed along the
north wall of the Gulf Stream due to the large latent heat flux over the warnagr oce
surface. It is very common to observe formation of stratocumulus over the top of a mixed
layer over warmer water, and its feedback to the ML is not negligible when we study the
evolution of the boundary layer (Stull 1988). Upon formation of boundagy Eguds,

the surface will be shaded and, as a result, a lesser amount of solar radiation is received
by the surface. This often creates negative feedback over land, as fewer thermals can be
generated due to reduced surface heating, and the growthroixie: layer will be

slowed. However, over a warm sea surface, the reduction in solar radiation often causes
much less temperature variation than it does over land due to the relatively stable SST.
As a result, shading caused by cloud cover often has pri@ssunced feedback on

boundary layer growth over the ocean than over land.

Another important mechanism associated with boundary layer clouds is theéapoud
radiative cooling. This process creates upsidewn At her mal so of <col d a
the claud top and acts as a form of entrainment (Stull 1988). The entrainment velocity

when cloudtop radiative cooling dominates can be approximated by:

, y -
0 e (2.12)

whereY'Ois the net longvave radiative flux divergence near the cloud top?;{nd—

the virtual potential temperature difference across the entrainment zone (Stull 1988). In
boundary layer height development, such an entramman be as important as surface
heat fluxes. de Szoeke et al. (2005) used the following equation to estimate the
entrainment velocity in the ITCZ zone during EPIC2001 campaign:

o— O 0 (2.13)

where V isthe averaged meridional wind advecting the inversion. They estimated
O with regional analysis and calculatéd with the equation below, assuming that only

surface heat flux forced the entrainment
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06 (2.14)

whereY& "(Y—F—is the buoyancy jump capping the inversiérthe faction of

surface flux contributing to entrainmeitheir estimation of entrainment rate through
Equ.2.14 with A = 0.2 was much lower than the observed entrainment rate, i.e.-the left
hand side of Equ.2.13. After conducting a thermodynamic budget analysis, they pointed
out that the difference was primgrilue to the cloud top radiative cooling, which
contributed nearly as half of the surface heat flux. Thus, the existence of cloud and
related buoyancy flux from the top of the mixed layer is not negligible and should not be

neglected when investigating tMABL structure in the vicinity of the Gulf Stream.

Over cooler water, the reduced latent heat flux often leads to a boundary layer with less
cloud formation. In this case fog can form if SST is much cooler than the moist air above
and heave condensatiooonirs. Similar to the mixed layer case, intensive radiative

cooling at the top of the thickened fog layer can occur and acts to mix the fog layer (Stull
1988).

Due to the lack of dedicated cloud measurements aneWang divergence in the

datasets preserd here, this study aims to discuss qualitatively the formation of clouds
and their potential impact on the boundary layer adjustments based on the vertical
profiles of humidity and temperature acquired from Rawinsonde launches. An estimate of
cloud top rdiative flux is made based on observations and values obtained from previous
studies (e.g., Zheng et al. 2018).

SurfaceCurrent and Its Effects onEstimations

Due to the nature of a WBC, the current speed of the Gulf Stream can be relatively fast
compare to the cooler slope water, sometimes reaching maximum at order of 1m/s
(Joyce andMicDougall, 1992. The effect of such fast moving surface current on
measured wind field and surface stress has been long studied. Kelly et al. (2001)
discussed the difference in sateHtased surface wind measurements and direct
measurements from TAO moorings anemomseddd pointed out that the satellite

scatterometer measured surface stress instead of surface wind, which provided better
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estimation of the relative surface wind by taking the surface current speed into account.
They suggested a 50% error or even revesggucould be generated if the relative

motion was not considered when setting boundary condition for oceanic and atmospheric
models. Similar note was also made in Rouault et al. (2000), where they proposed to

estimate surface fluxes with following equets:

T 76 Y Y (2.15)
0 766 Y Y Y (2.16)
0O "6 7Y YR A (2.17)

where0 is the drag coefficien) & & the transfer coefficient for sensible and latent
heat,”Y the surface current speéd,® ¢ & the mean temperature and specific humidity
at the surfaceBased on previous observation of surface current speed of Rouayt

et al. 199%, they suggested that a 50% error would occur in surface flux estimations

under a 4 m/s measured surface wind.

Cornillon and Park (2001) used the NASA scatterometer, NSCAT to investigate the
surface current within warm core rings in the Gulf Stream region. They again confirmed
that scatterometer measured stress instead of wind and extra caution was needed treating
surface condition within the boundary layer. In their later work (Park et al. 2006), they
provided further evidence of the MABL modification induced by surface currents and

SST gradients in Gulf Stream warm rings.

Seo et al. (2016) studied eddynd interaction in the California Current system with a
high-resolution regional model. They found that the surface current modification on the
eddy was significant, primarily through increased surface drag. They also pointed out that
the eddy induced surface cemt and SST gradient strongly modified the Ekman

pumping, suggesting the importance of surface currents in-@wp®asphere coupling.

While it is beyond the scope of this study to extensively and quantitatively examine the
role of observed surface curremt the boundary layer modification, it is worth noting
that surface current speed is taken into account when calculating the bulk fluxes, as

relative wind speed is derived based on ship measurements of the current. Note of the
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surface current effect iskan here when comparing observations from cold and warm

sides of the front, where the difference in current speed is significant.

The Half-power Dependence on Distance

The growth of the boundary layer height can be a function of distance from the front
(fetch), according to Equ.2.13. Previous studies suggestedpavadt dependence on
fetch to take into account the sharp transition very close to the front where ¢ba air
temperature difference is large, and the near equilibrium state far away frénonthe
where ML growth is slow. Venkatram (1977) proposed the following function over a

convective boundary layer:

a 7 (2.18)

where-  and-F the potential temperature ¢ttmewarm side and cold side, X the

fetch,/ the lapse rate above the boundary layer and F an entrainment coefficient, ranging
0 to 0.22Hsu (1983, 1984) used several observations to verify Equ.2d@hrthe

convective boundary layer and the warm to cold case, and after considering variations in

parameters, he proposed the following relation:

a  wd”’ (2.19)
where ds a dimensionless parameter depending on the overall boundary layer condition.
In a stable internal boundary layer, Garratt (1987) proposed that

v O— [O)(§
whereY-lis the airsurface temperature difference before the growth of the boundary

layer.

In this study, Equ.2.19 is used to evaluate the boundary layer growth rate based on the
magnitude of c. Different values of ¢ astated to the boundary layer condition
observed. In the warm to cold condition where an SBL is likely to form, Equ.2.20 is used

here to compare observations with theoretical values.
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2.2 Observation Background

CLIVAR Mode Water Dynamic Experiment (CLIMODE)

The CLIVAR Mode Water Dynamic Experiment (CLIMODE)a field campaign
conducted in 2006 and 2007 in the region of the Gulf Stream, rafigmg36 to 39N,
62to 70° W. It aimsto observe the convection aralstratificationprocesses over the
North Atlantic SubTropical Mode Water (STMW). High spatieésolution data was
collected with mooring, floats, drifters and shipboard measurements. (Marshall et al.
2009) There were twargises conducted in the winter of 2006 and 2007 to study the
wintertime intense mixing processes. This stiabyiseson observations from these two

cruises and a description of their overall conditions is provided in the following sections.

CLIMODE Pilot Cruise

The cruise between Jan.18 and Jan.31, 2006 was conducted on R/V Atlantis and was
referred as the Pilot cruise. A schematic of the ship track with an underlying SST map is
shown inFigure 21. The ship track was designed to cross the SST iinantrection
nearlyperpendiculato the front toyield better observation across the front. Shipboard
measurements included a full flux package that provided both-gmgeatriance flux
measurements and bulk flux estimates with the COARE algorithm usingphzaah
described by Edson et al. (1998). Along the ship track, 30 Rawinsonde launches were
made to monitor the evolution of the atmospheric boundary layer. The overall
atmospheric conditions during this cruise are describ&tgure 22-2.4. SST and

spedfic humidity showed significant variance as ship crossing the front, while air
temperature and humidity overall responded with a delay, with an exception on Jan.22,
when air temperature dropped as the ship crossed into the warm side of the front. Strong
difference between SST and air temperature reachigg ®#&s observed on the warm

side of the Gulf Stream, while on the cold side the air temperature was still lower but
much closer to underlying SST. Air pressure was much less sensitive to the local SST

change and adjust more on a synoptic scale. Strong wsraf 15m/s were prevalent
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during the cruise, and an extreme ofri2s wind was observed, while surface stress acted
in concert withthe surface wind. Wintertime cold, dry air in this region induced strong

net heat loss from the ocean, leading to overaitpe buoyancy and latent heat fluxes.
Note that on Jan.27 a typical strong ealdoutbreaks occurred, characterized by the
intrusion of much colder and drier air on the warm side of the front, and a sharp increase
in latent heat flux aboB00 W/m? wasobserved, together with buoyancy flux reaching
400W/m?, On Jar22, another outbreak was observed, véthimilarincrease in latent

heat flux but a smaller increase in buoyancy flux. The directions of the background wind
during the cruise varied, birt generablew from the cold side of the front to the warm,

or parallel to the front.

One major advantage of this data set is the relatively stadiosof the SST front during
the experiment ansl h i ghmost perpendicular crossings, which provides amfuhi
accuracy when calculating the relative distance between the SST front and the

measurementddore cetails will be discussed ithhe Method section.
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Figure 21: Schematic of the Pilot cruise ship track (red) between Jan.18 and Jan.31, 2006, with time
averaged SST map obtained from GHRSS3IT The cruise started at therth-westernmospoint.
Rawinsonde launches are marked as blue.
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CLIMODE Knorr Cruise

Two legs of the CLIMODE maiexperiment, conducted on R/V Knorr, were between
Feb.7 25, and Mar.320, 2007, respectively. Bulk and direct covariance flux packages
provided similar surface flux estimates as during the Pilot cruise. Overall, theskimd
alignments were less ideal thdaring the Pilot cruise arroduceda number ofjaps

and noisein surfaceflux time series. 143 Rawinsondes launches were made during these
two legs, with most launched near the SST front during-{torgsing evest Note that

the SST front was much less static compared to the Pilot case. Meanders of the front
moved around on a time scale on the order ofdayandcausedestimates of the

distance from the frorib beless accurate. Over the duration of these twe,|I8ST
showeda considerablamount of variation during the cruise, with the lowest SST
reaching aboutdt on the cold side of the front. Air temperature showed much more
variation and was less correlated with underlying SST compared to the Pilot case. A
strong coldair outbreak was observed on day(B&r.6) and suizero air temperature
wasobservedin phase with an increase in local air pressure sizeable difference
between SST and air induced a sharp increageiaurfacéuoyancy flux exceeding
600W/m?, a typical value observed in wintertime (Marshall et al. 208@neralwind
conditions were strong, with I6/s winds encountered frequently on either side of the
front, anda maximumwind speed exceeding 2&/s near the surface was also obseérve
Background wind directions weddverse with most blowing from cold to warm or
parallel, and a few cases where waomtold wind was observed he specifidiumidity

of the air showed a similar level of coherence with the ocean humidity. Again, note the
effect of the colehir outbreak on the intrusion of drier air and increased latent heat flux.

This data set comprises the largest number of shipboard measurements and sounding
launches amonthe threeexperiments, while the more complicated front dynanaied
the less ideal frontrossing anglemducea higherevel of noise in the analysis. Methods

to compensate for these disadvantages will be discusteel mext section.
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CLIMODE Knorr Ship Track with SST on Mar.21
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Figure 24: Schematic of two legs of Knorr cruise ship track (red and light blue) in February and March

2007, with averaged SST map obtained from GHRE&TRawinsonde launches are marked as dark blue.
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Air pressure time series measured from R/V Knorr. (c) Time seriesrof mveraged buoyancy flux from

ship measurements. Positive flux represents cooling.
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humidity of the sea surfad@saand air above, §, from R/V Knorr. (c)Time series of 8nin averaged

latent heat flux from ship measurements.

Processes Driving Exchange at Cape Hatteras (PEACH)

The PEACHproject ains to study the process governing the exchange of waters between
the US eastern shelves and the open ocean. Major forcings in this region, including air
sea interaction and the Gulf Stream, were investigated during this project with extensive
useof ship measurements, buoys and moorings. The primary data set this studg focus
on is from the last cruise of the PEACH project, conducted between Nov.16 and Nov.28,
2018,0n R/V Neil Armstrong. During this cruise, flux packages similar to those in
CLIMODE were used to provide surface heat flux measurements, and a total of 10

soundings were launched during an alrfostit-perpendicular crossing event on Nov.24
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(J. Zambon, personal communication, 2020) While fewer soundings were launched
compared to CLIM@E, the background wind condition was fairly stable throughout the
observing window, consistently blowing from the warm side of the front to the cold side,
providing a rare opportunity to observe the evolution of the MABL under such
conditions, as coldo-warm wind was more prevalent in this regidhe overall wind
condition was strong, with on averageris wind throughout the cruise. A &t's

maximum was observeazh the night of Nov24, which is assumed to be due to a
cyclogenesis event near the codste continuously dropping air pressure during the
cruise showed the effect of a lgavessure system passing through the study region. Note
that the sharp increase in the SST time series was caused by theestigrirgy the warm
side for a short periodnd a significant change in buoyancy flux datént heaflux can

be seen irrigure 28 (c) and2-9 (c). Outside the observing window with sounding
launches, there was a major calid outbreak event during No223, marked by a sharp
decrease in thair temperature, with buoyancy flux and latent heat flux reaching 400

W/m? and 900W/m?, respectively.

While the observation window was shorter, this data set provided a complete observation
of the formation of a stable boundary layer (SBL) on the cald sf the front when the
wind was blowing from warm to cold, which was not seen in the CLIMODE data.
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Figure 27: Schematic of sounding launch locations (red) on Nov.24, 2018, with underlying SST map
from GHRSSTLA4.
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Figure 28: (a) Time series of shipboard air temperatugeahdnearsurfaceocean temperaturesds (b)

Air pressure time series measured from R/V Neil Armstrong (c) Time seriemof &veraged buoyancy

flux from ship measurements. Positive flux represents cooling.
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Figure 29: (a) Time series of surface wimdeasurements from R/V Neil Armstrar(®) Time series of
specific humidity of the sea surfa@eeaand air above, §, from R/V Neil Armstrong §)Time series of 5

min averaged latent heat flux from ship measurements.

2.3Methods

SST map and frontidentification

24-hour averaged SST maps are generated @omup for High Resolution Sea Surface
Temperaturd GHRSST) L4 sea surface temperature analysis, with a spatial resolution of
0.01 degreeWhile shipboard measurements provide kigbolution timeseries of SST,

ship tracks in all three cruises were not designed to follow the SST front closely, and thus
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SST measurements from the ship cannot provide comprehensive insights on the spatial
distribution of the SST front. With satelliteased observatioqsoviding a spatial context

for cruise transects, the overall SST front structure in the region of interest can be
identified Figure 210 (a)). The shipboard SST measurements are used to study specific

front-crossing transects, where higher temporallutiem is needed.

To identify the SST front, satellfeased SST maps are filtered first with an SST

threshold of 16 eC, which was the common ten
cruises, to distinguish roughly the cold water from the Gulf Stredteréd maps then

are processed to identify the region whitvesharpest SST gradient exists. These regions

are then connected to form a continuous line which represents the defined SST front

(Figure 210 (b))

For the CLIMODE Pilot cruise, the SST frontwgtture was almost static during the
cruise.Very few major meanders formed, and the front shape varied insignificantly. For
this reason, a tday average SST map is used in the analysis. For the PEACH thaise,
SSTfront behaved similarly as the Pilot ones, and thus-dal2average SST map is

used.

During the CLIMODE Knorr cruise, the SST front was far more energetic, showing a
significant movement toward the east on a daily basis. In addition, numerous meanders
were formed over the course of the cruise, which further complicated the structure of the
front. As a result, daily averaged SST maps are used for this cruise. Larger errors in
defining the SST front are also likely induced in this case due to poorly defined

boundaries caused by meanders.
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Figure 210: (a) 14day averaged SST map from GHRSISA for CLIMODE Pilot cruise, resolution
0.01%0.01°color bar unit in degree Celsius. (b) Calculated SST front (light blue) location based on (a).

Distance from the front

The distance from the front serves as an important attribute in this study and is
determined by combining the shipboard GPS data and the defined SST front map
described in the previous section. This value overall, by definition, shows a significant
correldion with SST, comparingigure 211 andFigure 22 (). With a continuous line

of SST front, the distance from the front is defined as the shortest distance between the

ship location, as a point, and the line. Positive values indicate that the ship thias on
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warm side, and negative value the cold side of the front. In cagssthis distance

properly represents the amount of influence that local obserwasisreceiving from the

SST front. In cases where the front shape is straight, this distanty actalogy with

the fetch of the crosBontal wind. In cases where the point is surrounded byshape

front or near a meander, the definition of this attribute is less valid and is considered on a

caseby-case basis.

This distance, as described in theoduction section, is used in several quantitative
analyzes. In the coltb-warm cases, the estimation of the entrainment Exja.213) and
fetch-dependence boundary layer height groviggu.219) both require a properly
defined distance from the frorn the warmto-cold case, the SBL growth rate can be
estimated with this distance akdu.220. In parallel wind case, this value serves to

gualitatively indicate the amount of frontal influence on the observation.

Background wind direction and magnitude

For the observations from each cruise, the background wind direction is determined by
identifying the angle between the drifting direction of the launched sounding balloon over
the first 1000 m and the SST lingidgure 212). When the angle is greater than 45

degrees, the wind is identified as a criyesital wind, and with an angle smaller than 45
degrees as a parallel wind. The major advantage of using the bb#ieed direction

instead of surface ship measurement isithadtter represents the overall background
geostrophic wind within the boundary layer and is less noisy. The magnitude of the
background wind is estimated by averaging the vertical wind velocity profiles from

soundings.
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Figure 212: The launch location (orange dot) and trajectory during the first 5km (blue) of ascension of
sounding 15 from CLIMODE Pilot. Based on its relative angle wighSSTfront (light blue), the
background wind in this case is identified as blowing parallgiédront.

Categorize soundings into groups

One major characteristic of the background wind in this region is the high temporal
variability in wind directions. Based on observation, it is rare for the background wind to
blow consistently in one directidor more than one day. Thus, it is necessary to separate
soundings into groups, based on the consistency of the background wind, to examine
characteristics of the MABL under different wind regimes. Continuous sounding
launches in the vicinity of the froare first grouped into the same launch series. The
background wind direction then is used to filter the griougher. If the wind is blowing

in onedirection consistently, all soundings in the group are kept; if wind changed
direction at the beginning d¢ine end of the group, that specific sounding is dropped; in

cases where the wind varied significantly throughout out the series of launches, the entire
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group of soundings is not considered, as the changing wind regime further complicates

the evolution othe boundary layer and is beyond the scope of this study.

By dividing soundings into groups, launches from three cruises are filtered and
categorized into seven transects, with three-twldarm cases, three parallel wind cases
andone warmto-cold caseAnalysis of each individual transect is addressed in later

sections, respectively.

Boundary layer height estimation

The height of the boundary layer is determined by identifying the inversion height, if the
MABL is overall convective. The height die surface stable layer is used instead if a
stable boundary layer is studied. The top boundary of a convective MABL is marked by a
sharp transition from vertically wethixed potential virtual temperature to a profile in

which potential virtual temperatel increases with height. This inversion location is often
coupled with a sharp decrease in specific humidity, as the upper layer typically contains
drier air. Vertical profiles of humidity and temperature from sounding launches are

examined tovisually identify the inversion point, as shownkigure 213.

In the case where wind is blowing from wateacold and a SBL is formed, the spatial

resolution of the soundings is insufficient to capture the surface stable layer with enough

vertical resolution. Thas censi on speed of balloons was ro
sampling rate at 1 Hz. While a newly formed SBL can have heights®® 20, the

resolution of the vertical temperature profile may lead to considerable errors in the

estimation of the SBL hght. The error can be smaller in a maleveloped SBL, where

the top of the surface layer can reach 200 m. It is advised that in future studies,

temperature profiling with higher vertical spatial resolution is needed for SBL cases.

Synoptic scale system

ERAJS, thefifth generation othe European Centre for MediuRange Weather Forecasts
(ECMWEF) atmospheric reanalyses of the global clin{atersbach, Hans, et al. 2023),
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used here to provide information on the synoptic pressure system during eachrtiisise

data set has a 31 km spatial resolution and éhone temporal resolution. Spatially
averaged sekevelpressure (SLP) is used to provide the temporal evolution of the
synoptic pressure system, e.g., atmospheric tide, aho@4averaged SLP is e to

provide the spatial distribution of the synoptic pressure system. Shipboard air pressure

measur ement s

pressure.
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2.4 Resultsand Discussion

2.4.1Cold to Warm Case

When the dominant background wind is blowing from the cold side of the SST front to

the warm side, cooler air is advected over a relatively warmer surface. The significant air
sea temperature difference leads to increased surface heat flux. Intense Inélating a
evaporation enhance the heat and moisture exchange betweerstieeiaterface. A

highly turbulent surface boundary layer provides energy for deeper vertical mixing,

mainly supported by raising thermals. In this case a significant MABL height grewth i
often observed. Surface winds often accelerate, due the ruging of high momentum

air from above (OO6Neil 2010) -cumplusistoftee t o p
formed, and provides feedback to the ocean surface by adjusting the albedudidtiner
cooling at the cloud top can also be important in controlling the entrainment rate,

sometimes contributes as much as half of the surface flux (de Szoeke 2005).

On a longer time scale of O(1 month), the pressure system induced by SST heterogeneity
is also found to affect the cref®ntal flow and adjust the wind profile inside the

boundary layer (Plagge 2016). However, whether the thermally induced pressure gradient
is able to affect the local flow on shorter time scales of one day is lesdrldss.

section, results from CLIMODE Pilot and Knorr are discussed to examine the response of
the MABL tothe SSTiront on suchatime scale.

Transects fromthe CLIMODE Knorr cruise

Within the CLIMODE main campaign during February and March 2007, two transects
were identified ashe casewhere the background wind was continuously blowing from

the cold side of the front to the warm side. These two transects, referred as KnCW1 and
KnCW2, were 21 hours long (starting at 2AM, Mar.16) and 17 hours long (starting at
12PM, Mar.12) respectivelyDuring these two transects, the wind direction estimated
from the sounding launches was overall towards the south, which led to a strong cross

frontd advection, given that the overall SST front was aligned easest. Observed
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boundary layer deptaveraged wind speed was consistently aroufad &/s during

KnCW1, while during KnCW2 a maximum of 16m/s was observed during the first half
of the transet, and wind speed gradually decreased overtime to a minimum of 6 m/s at
the end of the transect. The shipboard wind measurements were noisy during KnCW2
due to poor shiwind alignment, and buoyancy flux estimation was not available during

most of the tine.

The overall boundary layer conditions in these two transects were as expected: cold air
advected to the warm region induced a significans@é temperature difference and thus
induced strong surface buoyancy flux, over 100 Ynte the ship crosselt front in
KnCW1, and near 300 Wkin KnCW2 at wheré¢helargest airsea temperature

difference was observed. Stability changed sign from overall stable to unstable on the
warm side, consistent with what was often observed in previous studiesodet
simulations (Friehe 199Rouault 2000Skyllingstad 2007). Significant boundary layer
height growth was observed in both cases, with over 400 m in KnCW1 and over 600 m in
KnCW?2. It is worth noting that in KnCW1, a shallow surface stable boundaey \egs
observed on the cold side. While the overall wind was blowing from cold to warm, given
the observed asea temperature difference, we believe this SBL was caused by the
relatively warm air advected from a warm meander in the north, crossing arftlam

cooler sea surface. The formation of such a SBL in response to assalallSST feature

is discussed in more detail in a later section, where we consider the cases of warm air

blowing over cooler sea.
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In both transects, an incredasevind speed was observed in the vicinity of the warm side

of the front (820 km in Figure 217 (@)). An increase of 2.5n/s was seen in KnCW1,

while a weaker increase of 0.9min KnCW2 was observed. The increas&ind speed

in a convective boundary layer has been frequently observed and discussed in previous
studies (Hayes 1989, Chelton 2001, Mahrt
2012, Kilpatrick 2014). Two major mechanisms discussed in the introdusdiction are

the pressure adjustment and vertical mixiAigese previous studies have shown good
agreement on the importance of these two mechanisms on a time scatag$ 16 one

month. Yet, as Spall (2007) and Kilpatrick (2014) arguedathestment time scales for
these two mechanisms are different, depending on theftomgal wind strength and

spatial scale. They proposed that:
) — 0 S (2.21)

where U the crosfontal wind velocity,0 , 0 the adjustment length scales for mixing

and pressurd) ,’O the depth scales, arid i) the vertical mixing coefficients,
respectively. They argued that the mixing coefficients are of the satag and the

major difference between the two length scales is due to thefonossvind related

depth scale. In a strong crefssntal wind case, whef® <<O andd <<0 ,an

internal boundary layer in which the vertical mixing mechansaominant is likely to

form. In contrast, for a weak wind case, ~ 0 , the SST induced pressure gradient can
have comparable effect on the boundary layer. In the following section, this hypothesis is
tested with observation and mo@stimations, focusing mainly on comparing the effect

of these mechanism on the boundary growth and wind adjustment.

To evaluate the pressure induced effEgp.2.11 shown again below, is used.
0 -"0— (2.11)

where h is the boundary layer height identified from sounding profieshe depth
averaged potential temperature and reference temperature. The thermally induced

pressure gradient in both trantethen isstimatedand shown irFigure 218.
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The magnitude of the pressure gradient(16s?) is consistent with Mahrt (2004) and

Kawai (2014), and the maximum magnitude is near the front where the laregss air
temperature exists, which can lead to an increase in wind speed segurén217 (a).

In Kawai (2014, it has been shown in theibgervation that the thermally induced

pressure gradient tends to be negative (positive) where SST decreases (increases), which
in general agrees with odr estimation. They suggested that such gradient can lead to
the formation of seéreeze wind, enhamg the strength of surface wind. While due to

the limited sample size and spatial coverage of sounding launches, most terms in the
momentum budget cannot be quantitatively estimated, but bagggical values from
previous studies (e.g., Kawai 20123 8leil 201Q Kilpatrick 2014), it is reasonabte

assume that the magnitude of estimateshown here is comparable or greater than

those of Coriolis (@102 m/s?)) and advection terms (Q0* m/s%)) often seen in mid
latitude regions. If we assuntigat the pressure gradient was relatively static around the
location where the observation was made, estimateen contribute to observed wind
change, especially near the SST front wherathe the greatest due to sharp SST

change. Away from th&ont, where the thermally induced pressure gradient is smaller
(0.3-0.5x 103 m/s?), wind speed also shows less variation, which is as expected for a
region where the pressure forcing is small. It is worth noting that, while the sign of the
pressure gradient is in general in concert with observed wind change, given the rather
complicatedynamics inside the MABL, it is insufficient to quantitatively determine the
direct correlation between wind change and estimatebh addition, observations in

Kawai 2014 were mostly made weak background wind (®/s), while in this case the
backgound wind exceededIm/s. Note that as discussed in Spall 2007 and Small 2008,
effectof such pressure gradient is more prominent in a wéakl scenario where the
adjustment time scale for pressure gradient is comparable to other adjustment dynamics.
In this strongwind case, however, magnitudelbfis significantly smaller than those in a
weakwind case (shown in later sections), which can be assumed to have less impact on
the observed wind change. In conclusitwermally induced pressure gradiamthis case

can be responsible for part of the wind adjustment, yet its strength in this case is not

dominant.
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Figure 218: Thermally induced pressure gradient at each sounding launch location. Positive means

higher pressure on the warm side.

To examine the effect of the vertical mixing mechanism, the entrainment rate of the

MABL is estimated withEqu.2.13 shown again below:

Y— 0 0 (2.13)
The subsidence rate during the cruise is estimatedlivéiModernEra Retrospective
analysis for Research and Applications, versighIERRA-2) pressure velocity at 850
hPa, and has a magnitude of around 1mm/s. The boundary layer height is retrieved from
sounding observations, while crefssntal wind velocity is derived from a depth
averaged sounding profile, and the entrainment ratalcsilated as a residual. It is worth
noting that while the wind was generally blowing from cold to warm, directly using the
wind velocity would greatly overestimate the entrainment rate (over 50%). This is due to
the fact that the wind direction showeshsiderable variation during the transect, and the

true crosdrontal component of the wind was less than the observed wind speed. The
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complicated shape of the front during the Knorr cruise further lowered the magnitude of
the true average creg®ntal wind velocity. To estimate the observed entrainment
correctly, deptkhaveraged wind velocity is multiplied by a factor of-0.Z to better
estimatel used inEqu.213, based on observed wind direction variance.

The contribution to entrainment from surface buoyancy flux is estimatedEgutl?.14

shown again below:

06 (2.14)

de Szoeke (2005) used A = 0.2 dadnd the surface buoyancy flux contributed only a

small fraction to the observed entrainment. Other studies (Pino et al. 2003, Conzemius et
al. 2006) suggested that A around 0.32 gives a better representation of the surface
buoyancy flux force. In this stly, we used A = 0.28.35 to estimate the surface

buoyancy driven entrainment, and this range is reflected by the errorfagure 219.

To take the sheatriven entrainment into account, Tennekes (1973) proposed that, in a
purdy sheardriven boundary layer, the entrainment rate can be estimated as:

- & (2.22)

y
where is the initial average temperature across the boundary \&§ele duing the
observation the boundary layer is not pyisheardriven, this rateshould stillbe a valid
reference for shear contribution, andi®wn inFigure 219 and2-20 (orange).

Another important component of entrainment is the cloudddpative cooling that

induces boundary layer top heat flux, which can act in a manner similar to the surface
flux. Previous studies (de Szoeke 2005, Ghate et al. 2014, Zheng et al. 2018) have shown
the importance of cloud top radiative cooling in theltb&at budget and entrainment. In

this study due to the lack of dedicated cloud measurememsugh estimation of the

cloud top radiative cooling flux based on overall conditions and values from previous
studies is used. In future studies, it is suggesd estimate more accurate cloud top flux

with combined measurements from soundings and satellitaive@tRapid Radiative

Transfer Mode(RRTM). Of thetensoundings that were launched on the warm side
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during the two transects, all of them observed damnlayer top cloud formations,

where relative humidity reached over 90%, and a sharp decrease beyond inversion. With
heavy cloud cover at the top of the MABL, a80 W/n¥ heat flux is reasonable to be
assumed based on previous studies (e.g., Zheng2&tldl) and observations, and the

entrainment cause by sualflux is estimated ifFigure 219 as yellowpoints
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Figure 219: Surface buoyance driven entrainment vtiu.214 (blue), sheardriven entrainment with
Equ.222 (orange), cloud top radiative cooling induced entrainmentBth214 (yellow), and total
summation of three (purple) for KnCW1. Dash lines mark the range of the total entrainment estimated from

observabn.
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Figure 220: Same a$igure 219 but for KnCW2.

The cloud top cooling entrainment estimated in KnCW1 at 200 km is uncommonly high
due to the relatively weak capping inversion (~1.5K) combined with the assumption of
roughly the samamount offlux, the latter of which is a gross overestimation. In

KnCW2, entrainment at the 4010 km region cannot be estimated due to the absence of
surface flux measurements. Based on the consistently highatemperature difference
observed in KnCW?2, it is reasable to assume that the high entrainment ratedl 714

mm/s) near the front would be lower but overall persistent in this region. Neglecting one
outlier, we can see in both transects that the entrainment is greater near the front,
consistent with regions veine the highest buoyancy fluxes were observed due to the high
air-sea temperature difference. The total entrainmentli® Bim/s in KnCW1, and-46

mm/s in KnCW2. Compared to entrainment rate estimatedBigth213 from observed

wind and boundary layer gwth, which are 94 mm/s and 120 mm/s in KnCW1 and
KnCW?2, respectively, the surface buoyaistyearcloud top combined estimation of the

entrainment is the primary contributor to the boundary layer growth.
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Compared to the pressure gradient adjustmeohareésm, the IBHike physics, which

mainly reacts to surface buoyancy, shear and boundary layer top cooling, is more

prominent in these two transects. If we assume that the vanrtigslg mechanism brings

down high momentum wind from upped atmospher@regious studies have found (e.g.

Hayes 1989, Song 2004, Smal/l 2008, OO6Neil 2 0
time scale in a convective boundary layer similar to these two transects, which can be as

short as 15 minutes (Stull 1988), can lead sbarp increase in wind speed at the surface

in the region wheréheentrainment isarges, and this is what we observed in KnCW1

and KnCW2, where wind accelerated as the ship entered the warm region where cold air

was rapidly advected over warm sea surface.

Transect from the CLIMODE Pilot cruise

One transect during the CLIMODE Pilot cruisadentified as a predominantly celo-

warm background wind case, referred as PICW1. This transect started on 12PM Jan.27
2006 and ended on 3PM Jan.28, with four sounding launches made along the course. An
ASIS buoy was also deployed to take simultaneneasurements of key essea
guantitiesnear the front. It is worth noting that this 1.2 day long transect took place right
after a major cold air outbreak observed earlier on Jan.27, and as a result, the major
characteristics of the boundary layer wereua compared to cases during the Knorr
cruise. The air was abnormally dry and cool on the warm side of the front, and lead to
surface flux reaching 400 WAnAir-sea temperature difference was significantly high,
continuously over 9 degrees as going deége the warm region. Deptaveraged wind
speed over the course of the transect was consistently over 16 m/s blowing from cold to
warm. Such high surface buoyant forcing led to a significant increase in boundary layer
height; MABL height was observed itacrease by more than 1700 m. The highly

turbulent environment led to significant cloud formation at the top of the boundary layer,
with four soundings all showing high relative humidity at the inversion base region, a

typical sign for stratecumulus.
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Figure 222: Same ag~igure 216 but for PiCW1.
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Figure 223: Same agrigure 217 butfor PiCW1, the temporal air pressure trend was removed with

ASIS pressure measurements.
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The observed surface wind velocity and wind stress were constantly high over the warm
region, with a peak where the highest buoyancy flux was observed. They shdittleery
covariation with stability, however, suggesting that the wind modification from stability
described irEqu.29 was weak in this case. WilHgu.211, the thermally induced

pressure gradient is shownkigure 224. Compared to Knorr cases, the thalyn

induced pressure gradient was one order of magnitude large®38n/s* vs. 10° m/s) .

If such a pressure gradient was purely spatial, then a wind velocity adjustment much
larger than what is seen kigure 223 (a) would be observed. We do not see such a wind
adjustment, however, in our observations. It is not clear why such a high tipeessire
gradient is produced fromqu.211, yet there are two potential explanations. The first is

that a temporal change, rather than a spatial change in air temperature, was observed in
the shipboard data. Figure 222 (d), the air temperature wascmering to normal value

at the end of the transect, which was near the front. Such a recovery after a major
outbreak can be synoptic rather than directly affected by the sea temperature underneath,
and thus the dependence on distance from the front veeulavalid. The second

possibility is that the boundary layer height dependené&g|in211 does not apply in this
case, where an extremely large increase was observed. In previous studies (Mahrt 2004,
Kawai 2014), much smoother MABL increases were stydiethose cases, a 100 m

increase in a 1000 m high boundary layer only contributed to a 10% difference in
pressure. In PiICW1, however, with an overall 1700 m increase over four sounding
launches and lowest boundary layer height observed at 600 m, tasedn h would

have a large relative influence on the magnitude of calculated thermally induced pressure.
Small (2008) pointed out that a significant increase in boundary layer height would have
a nonnegligible impact on the pressure, as the integratadass would differ due to the
distinct difference between boundary layer air and air above inversion. We believe in this

case, factors other than the heterogeneity of SST dominate the air pressure change.
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Figure 224: Same asFigure 218 but for PiCW1.

The components of entrainment calculated \Eitju.214 and 22 are shown kigure 2

25. Given the prevalent cloud coverage observed from sounding profiles, we again
assumed a cloud top radiative cool flux of8DW/n?. The sudden drop entrainment

rate at the second sounding is due to an inversion jump twice the average, but overall, the
entrainment rate is consistent. Compared to the entrainment rate calculated from observed
boundary layer height growth and crdssntal wind speed, wih is 68136 mm/s

depending on the factor usediqu.213, the estimated entrainment due to Hli}de

physics is again contributing the most to the observed entrainment. There are three major
differences between the PICW and KnCW cases. First, the cdmintmi surface

buoyancy flux is much higher in PICW1 due to the largese& temperature difference
created by the earlier cold air outbreak. Surface buoyancy flux was only relatively high
near the front in KnCW, and the air soon reached equilibriurdinigdo a decreased
entrainment and slower boundary layer growth further away from the front, while in

PiCW the air was consistently cold even over warmer sea surface, caosiaty higher

buoyancy flux which led to heavy entrainment and significant bayndyer growth
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deep into the warm region. Secondly, the shear driven entrainment is more effective in
PiCW1, contributing as much as 30% of the buoyancy driven entrainment. The consistent
high wind (~16 m/s) observed during PiCW effectively increaseétitimn velocity 0.,
providing wind shear at the surface to generate turbulent kinetic energy. Thirdly, cloud
top radiative cooling contributed less in PICW. This is likely due to an underestimation of
the cloud top flux due to the rough approach weluse35 W/m”2 flux is comparable to

the surface buoyancy flux of 1&50 W/nt in KnCW, but such flux would be small
compared to observed 400 W/ PiCW. Previous studies (e.g., Ghate 2014) have
reported over 100 W/ftloud top flux in a strongly convective boundary layer. Further
analysis of the data with RRTM would help to determine if the cloud top flux needs to be

reconsidered in PiCW.
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Figure 225: Same ag-igure 219 but for PICW1.

Overall, the transect from PiCW, though under difference synoptic condition, supports
the findings in KnCW1 and KnCW 2. On a time scale of one day with strong cross
frontal wind(8-16 m/s), the boundary layer IBL -physics dominant, whetbe vertical

mixing mechanism provides the majority of the boundary layer growth. The pressure
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adjustment mechanism may have affected the wind field, yet it is unclear whether the
observed wind modification is directly relatedthe pressure anomaly induced by the
SST heterogeneity, as the validitylbfin a case where MABL height increases

dramatically is questionable.

2.4.2Parallel Wind Case

When the background wind is blowing predominantly parallel (definegdlasve angle
smaller than 45Pto the SST front, the creental component of the wind is weak
compared to that considered in the previous cases. In this case, it is expecteddaat air
temperature difference on either side of the SST front wousunadler due to the

relatively weak cold to warm advection. In the vicinity of the front, since a small portion
of air is transported across the front, the boundary layer can still be weakly convective
depending on the magnitude of the crrestal transpd. Further away from the front,
weak crosgrontal wind can no longer bring air into this region, and as a result, it is

expected that the boundary layer would be gationary.

Another important difference compared to the strong efrosdgal wind cae is expected

in the observed adjustment scale for the vertical mixing mechanism and the pressure
gradient mechanism. In a weak créigstal wind scenario, the adjustment length scale

for pressuré can be on the same order as the vertical mixing hescaled (Spall

2007, Kilpatrick 2014). In this case the pressure adjustment mechanism can be important
on a time scale of one day. Three transects from CLIMODE Knorr and the Pilot cruise
are analyzed in the following sections to examine the contibwti these two

mechanisms to the boundary layer evolution.
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Transect from CLIMODE Knorr cruise

One transect (later referred as KnPL1) from the Knorr cruise has wind blowing
predominantly parallel to the SST front. This transect started on 12PM Mar.13 and ended
on 3PM Mar.14. During this transect, no major synoptic weather system other than the
surface high pressure shownkilgure 226 was observed. It is worth noting that although
this transect was identified as a parallel wind case, the observed wind direction was
slightly towards to the warm side, with an angle no greater than 30 degrees. Bhe cros
frontal wind component was2 m/s, compared to the observed true depttraged wind

speed of 811 m/s.

The overall boundary layer condition during KnPL in the vicinity of the SST front is

similar to KnCW, as there was net catdwarm air transport reg the front. However,

the major difference is that the boundary layer growth was confined within the first 60km
of the warm side, where in KnCW and PiCW the boundary layer height also increased in
the region further away from the front. In KnPL, furthesag from the front, the

boundary layer height was quasi static, consistent with our hypothesis that weak cross
frontal wind transport could not bring the influence of the SST front deeper into the warm
region. The observed buoyancy flux reached its maximu2®0 W/nt at 25 km, where

the largest wind speed and-aga temperature difference were also observed. Wind

speed was consistently high near the front, reaching a maximum of 13 m/s, and decreased
by 3.5 m/s beyond 75 km into the warm side, possiblalse the boundary layer

reached equilibrium in this region. It is worth noting that the stability parameter was still
large in the region where wind decelerated, suggesting that the wind modification from
stability was relatively small. The observed aegsure anomaly is likely due to the

spatial synoptic pressure system, as the ship track was along the pressure gradient shown
in Figure 226.
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Figure 227: Same ag-igure 216 but for KnPL1.
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Figure 228: Same as~igure 217 but for KnPL1.

The thermally induced pressure gead for KnPL1 is shown ifrigure 229. Compared

to KnCW, the magnitude of the pressure gradient is on average two times highér. (1

10°m/S versus 0.51  10-3m/s?)

consistent wi

t h

Spal l

background wind enables stronger thermal pressure adjustment. The major difference
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between KnPL and KnCW is that, for a weak crivestal wind case, the pressure
adjustment length scale is shorter, ad the SST induced pressure gradient is more

likely to have a more significant effect on the boundary layer. Note that the largest
pressure gradient was observed where the wind changed significantly. With the
magnitude of the estimated pressure gradiemt,assuming that this gradient was
persistent within 25 km from the location of the sounding, the wind modification from

the pressure term can lead to a net change of more than 5 m/s in surface wind speed. This
is, however, not a direct evidence of presggnadient forcing driving wind change, as

such a correlation is not seen everywhere during this transect, and the surface stress
shown inFigure 228 (b) does not agree well with high in the region. Given the time

gap between each sounding launck,dbserved wind change can be a result of a
combination of various forcing on different scales, and thus explaining the disagreement
between dynamics. In this case, however, it is safe to argué tisajuantitatively much

stronger, despite that itsreelation with observed wind change remain qualitative.

3_><10'3

&

s °

S 2

S 5L

9 [

m

‘Bl .

o

©

o) [ ]

S0 *

© o [ J

£

>

T

£

()]

s

l__2 | | | |
-50 0 50 100 150

Distance from the front[km]

Figure 229: Same ag~igure 216 but for KnPL1.
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Based on sounding observations, st@imulus was assumed to be prevalent during this
transect on the warm side of the front, ashibendary layer was still overall convective.
Thus we still assume a typical 200 W/n¥ cloud top radiative cooling flux when

calculating the entrainment. For the observed boundary layer entrainment, an alternative

method,Equ.223, is used to compare witlalues obtained frorequ.213:
— 0 0 (2.23)

The major difference betwediqu.223 andEqu.213 is thattqu.223 attempts to

estimate boundary layer growth based on time elapsed between each observation at
different locations, assuming that the change in boundary layer height is purely temporal
and no advection is involved. Such an assumption is obviously ndtinaistrong cross
frontal wind case. However, in KnPL1, it is reasonable to assume that advection is
relatively weak due to the almost parallel wind. The entrainment estimated based on
Equ.223 for KnPL is 911 mm/s, which is close to the value frégu2.13, which is 8

14 mm/s. The total entrainment from IBike physics, including surface buoyancy,

shear, and cloud top cooling, is showrigure 230
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Figure 230: Same a&igure 219 but for KnPL1.
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We can see that the total entrainment from the model is again close to the observed
values. The entrainment is highest near the front, with the majority of the entrainment
coming from surface buoyancy flux. This is consistent with the observed rapid bpunda
layer growth (over 300 m) within the first 60 km on the warm side of the front. Further
away from the front, the entrainment rate decreased to around 5mm/s. This value can also
include some error from the overestimation of the cloud top cooling iretire n
equilibrium region. Together with the estimated subsidence rat ofih/s, the

estimated boundary layer height adjustment is close to the observedtatiasVIABL
further away from the front iRigure 227 (a), (b). It is worth noting that on theotd side

of the front where surface buoyancy flux was small, the sti@aen entrainment and

cloud top cooling together still provided a strong entrainment®fBn/s, which is
consistent with the MABL height growth &0 km to 20 km, implying the imptance of

sheardriven entrainment, which has been often neglected in many previous studies.

Compared to coldo-warm cases, KnPL1 shares similar characteristics, including the
significant growth in boundary layer and high surface flux, as the overallwasd

slightly tilted towards the warm side. However, it is worth noting that in this case, the
pressure gradient term may have greater impact on the boundary layer. The behavior of
the MABL further away from the front was also different: MABL was cusa&ic in

KnPL1, while in KnCW2 and PiCW1 further deepening was still observed at distances
greater than 120km. These distinct differences suggested the important role-of cross
frontal wind on advecting air with different properties and leading to a sigmifica
boundary layer change: weak winds greatly limit the ability of the MABL to receive the
influence from the front due to limited advection, and air temperature can adjust to

underlying SST to produce greater thermally induced pressure gradient.

Transects from CLIMODE Pilot cruise

Two transects from the Pilot cruise have primary wind blowing parallel to the SST front.
The first transect, later referred as PiPL1, started on 1PM Jan.20 and lasted 1.5 day. The
second transect PiPL2 started on 2AM Jan.24lastdd 0.9 day. The major difference

between these two transects and KnPL1 is that the background wind was more aligned
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with the SST front, causing less crdssntal air transport. While the dep#tverage wind
speed was still high in both transectsl@m/s), the boundary layer further away from

the front in these two cases is expected to receive less influence from the SST front due
to weak crosgrontal advection. There was no major synoptic system observed during
PiPL1, while there was a significantgssure system passing during PiPL2 (observed

from ASIS buoy drifting in the vicinity of the SST front ), causing the wind speed during
the first half of the transect (ship in the warm side of front, +igintd side oFigure 2

34a) to be constantly high(1%/s), and lower wind speed during the second half (ship
closer to cold regioreft-hand side oFigure 234a).

Surface pressure

40 1028

® SST Front
®  Ship course

1027

39
1026
@
T
2 38 1025
©
| 1024
37 1023
1022
36
-70 -68 -66 -64 -62
Longitude

Figure 231: Same asFigure 214 but for PiPL1

75



Surface pressure

40 1007
® SST Front

39 1006
Q 1005
2 38
S 1004

37 1003

36 1002

-70 68 -66 -64 -62
Longitude

Figure 232: Same agFigure 214 but for PiPL2

76



E
+ 3000
~ .
22000 . . : g:EIL;
< 1000 o
— [ J [ J
m O I [ I I 1 I ]
g -100 -50 0 50 100 150 200
T Distance from the front [km]
£ 30007 p _
o ) ° * PiPI2
- 1000
[ o
m O I I 1 ]
< o 5 10 15 20
) Fetch'[km"]
@
o) C ,
= 20 Mooooc .
> sy i
35,10 !
® 0 ! ! ! I | |
(D]
& -100 -50 0 50 100 150 200
_ Distance from the front [km]
o
520 d © 0@ 000 0000 00 eeee ° PiPLT
210 eecscomesn® ™ * PiPI2
©
% O | | | 1 I ]
= -100 -50 0 50 100 150 200
% Distance from the front [km]
@
S 207 o
) * PiPL1
10 osoem
s o SV ca e SINUMYEege s 0 0 0l © PP
|_|'1O ! ! ! I ! |
3 -100 -50 0 50 100 150 200
2 Distance from the front [km]

Figure 233: Same ag-igure 216 but for PiPL.
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Theoverall boundary layer conditions in PiPL1 and 2 were similar. Boundary layer

height was nearly constant during both transects, except for the observed formation of
SBL at-40 km in PiPL1. This is consistent with the observed lower buoyancy flux (50

100 Win?). Weaker crosfrontal advection caused air to reach equilibrium with

underlying SST change easier, leading to the observed smalkeaaiemperature

difference compared to previous cadegire 231d). While the boundary layer can still

be consider@ as weakly convective due to the positive buoyancy flux, the entrainment
caused by such forcing would be much lower and can be on the same magnitude of
regional subsidence, leading to the observed egtasc boundary layer height. There

was still an obarved significant acceleration (5 m/s) in wind speed on the warm side of
the front in PiPL1, while in PiPL2 the superposition of the synoptic system made it hard
to estimate the spatial distribution of wind speed and surface wind stress. Consistent with
previous cases, the change in stability parameter showed very weak to no correlation with
the observed wind change in PiPL1, suggesting the weak contribution to wind

modification from stability change.

The thermally induced pressure gradients during PiRid12aare shown ifigure 235.

In PiPL1, the magnitude of the pressure gradient is similar to KnPL1, higher on average
(neglecting the negative outlier) compared to dolevarm cases. The sign of the

pressure gradient was positive near the front, but ¢ht@nged to negative further away

from the front. If we assume such pressure gradient is nearly persistent, then the
calculated value could contribute significantly to a wind acceleration of magnitude
similar to the observed acceleration (5 m/s) in tiggorebetween 20 km and 50 km, as in
this case the wind was blowing parallel to the front, and the sign of the pressure gradient
would increase the observed surface wind speed and surface stress, acting tike a sea
breeze, which agrees with result from Ka2@l4. In PiPL2, the thermally induced

pressure gradient is weaker (0.80° m/s), consistent with the observed low variation

in wind speed in the-85 km region irFigure 234 (a). Due to the superposition of the
synoptic pressure system induced wind acceleration, the pressure gradient induced wind
modification was unclear away from the front in PiPL2. Overall, compared to th¢oeold
warm case, thermally induced pressure gradietite parallel case is about 50% higher,

which is again consistent with our hypothesis that under weakftovdal advection, the
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adjustment length scale for pressiirewould become relevant compared to the vertical
mixing scale. There is a relatiyaveak correlation between observed wind speed and
pressure gradient, which is still stronger than that for thetoeldarm case. However,

due to temporal and spatial trends over the transects and superposition of mechanisms on
other scale such as atmabspic tide and synoptic pressure system, such correlation was

notevident everywhere.
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Figure 235: Same ag-igure 216 but for PiPL.

The cloud formation observed during PiPL1 was prevalent, due to the weak but still
convective boundary layer. The average cloud depth wa8a®n, less thick compared
to strong convective cases, where decoupling due to deep cumulus formation is more
comnon. In PiPL2, the sounding launched at 110km did not observe-stratolus
formation while the other two soundings observed the cloud at the top of the MABL

around 500 m. Given the less rampant cloud formation, we assumed a cloud top radiative
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cooling flux of around 1615 W/n?. compared to the 380 W/n? we assumed for KnCW
and PiCW. The entrainment rate estimation basdiqan213 andEqu.223 would be

invalid in this case, as the boundary layer height was gt@ist, likely due to the

balance betweetihe small entrainment and subsidence. We still calculated the
components of entrainment, and they are shovidigare 236 and2.37. In PiPL1 we can
see that the total entrainment rate-¥ &im/s, and with estimated subsidence rate of 1
2mm/s, the combirtkboundary layer height adjustment is consistent with the observed
guaststatic boundary layer height shownRigure 233a. In PiPL2, the shealriven
entrainment at 110 km is significantly higher, making up over 70% of total estimated
entrainment, mainlgue to the high surface wind speed induced by the passing pressure
system. The reason we do not see corresponding rampant boundary layer height
adjustment irFigure 233 (a) is likely that such entrainment is highly local due to weak
crossfrontal advecthn. While with the high shealriven entrainment the local MABL

can rapidly grow, the next sounding observation was made 60 km away and 6 hours later,
which can hardly resolve the local boundary layer adjustment. If soundings were
launched at the same ldica, it would be more likely to observe the local MABL
evolution. The surface buoyancy and cloud top flux in PiPL2 act more in concert with
observed MABL adjustment, providing relatively small entrainment that can be balanced
by subsidence. The correlatibetween entrainment and distance from the front is much
weaker compared to the strong crresital wind case, which is consistent wattr

initial expectation, as the MABL would be less likely to feel the presence of the SST

front with smaller advectian
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Figure 237: Same a&igure 219 but for PiPL2.

Overall, the parallel wind MABL showed different behaviors compared to the@old
warm case discussed in the previous section. Thermally induced pressure gradients were
stronger in this case, as weak advection allowed more time for air to adjust to SST

heterogeneity. The coupling between the pressure gradient and observed wind adjustment
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was slightly stronger, yet the correlation was not always evident. The boundary layer
height growth showed weak to no correlation with the distance from the front when the
wind was more aligned with the SST front, implying the weak influence that MABL
received from the front in this case due to weak advection. Buoyancy flux and cloud top
cooling provided lower entrainment, as thessa temperature difference was smaller,

and the overall height evolution observed was consistent with the estimation.
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2.4.3Warm to Cold Case

As discussed in the introduction section, when the background wind is blowing from the
warm side of the SST front to the cold side, warmer air@ddgo a cooler sea surface

will likely cause the formation of a stable boundary layer (SBL). Characteristics odsuch
layer are shallow height, stably stratified temperature profile, near zero or negative
surface heat flux, and frequent formation ofipexgeostrophic, fasioving lowlevel

jet at the top of the SBL (Stull 1988). The previously formed upper part of the boundary
layer becomes the residual layer on the cold side, due to the decoupling induced by the
surface SBL and its height is mainly dified by subsidence, as the surface flux can no
longer support enough vertical turbulent mixing to affect the upper part of the MABL.
Given these characteristics, a decrease in boundary layer height with distance on the cold
side of the front is generalBxpected, along with a spatial and temporal deepening of the
SBL height, described byqu.210 andequ.220.

Case from the PEACH cruise

While only 10 rawinsondes were launched during the PEACH cruise, sta®idN&.23
2018, 1AM through Nov.23 11PM) provided a wedbolved observation of the boundary
layer structure across the SST front when the background wind was strong (O(10m/s))
andblowing from warm to cold. The ship track is showrigure 238. It is clear that

the advection by the background wind brought warmer air to the cold side and caused a
flipped sign in aisea temperature difference once the ship crossed the SST faokeom

by the 0 distance iRigure 240and2-41. The formation of a stably stratified internal
boundary layer at the first 150m above the sea surface was obgaquee 239 and

2.40n). Note that the outlier a221km was not abnormal but due to the dgplent

sequence of the soundings. Sounding 2 (the outlier) was first launched on the cold side,
then the ship steamed into the warm region and came back to launch the rest of
soundings. As a result, sounding 2 observed the internal boundary layer héight at
beginning of the formation, while adjacent pointsFogure 240 (a) observed the SBL

height at much later times. Figure 239, where SBL heights are plotted against time,
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the temporal evolution of the SBL height is much clearer. It is also cldawithahe

flipped sign in airsea temperature difference, the stability parameter z/L of the boundary
layer quickly adjusted to a neutral near stable state from an unstable state on the warm
side Figure 241b). In concert, the surface buoyancy flux tutte negative once the

ship entered the cold region, marking a sharp decrease (26Quhegative, near zero).
The change in surface buoyancy flux and stability clearly shut down the vertical turbulent
mixing, decoupling the surface layer and the resithyadr, marked by a decrease in
residual layer height of O(200m) over the course of this transect (24 hours). Such a
decreas€éO(2mm/s)) was observed in the vertical temperature profile by identifying the
inversion top of the residual layer and was assuméa mainly caused by regional
subsidence, which was of the same order of magnitude estimated froegitrel

reanalysis.

With Equ.220 and ship temperature measurements, an estimate of the boundary layer
height is shown ifrigure 240 (a). While there is a consistent under estimation over the
first 25km, which is assumed to be due to the fact that soundings (except 2) were
launched mua later in time and the SBL had adjusted further, overall, the estimate from
Equ.220 is consistent with the observations, suggesting the importance of distance,

background wind speed and temperature difference in SBL height modification.

The local air pessure, shown iRigure 241 (e), did not show a strong correlation with

the SST gradient. Previous observations on a longer sca9(days) and numerical

model simulations suggested a possible correlation between SST gradient and thermally
induced presure gradient over longer time scale, but in this case, there was no evident
local pressure difference on the cold side of the front. Air pressure did not differ
significantly between two sides of the front, except that the air pressure further dropped
onthe cooler sideB0 km). Based on the cruise report, a cyclogenesis was reported in the
evening of Nov.23 in the region of interest, and it is assumed that such pressure drop was
due to the passing of the synoptic pvessure system, rather than locattiedly

induced pressure anomaly. The thermally induced pressure gradient cannot be calculated
with Equ.211 as the surface layer was decoupled from the upper boundary layer and the

hence analysis of the pressure mechanism can be only qualitative. Thesrgisuilar to
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the coldto-warm case, where the thermally induced pressure gradient is weak. This is
consistent with the finding that on a shorter time scale (O(1 day)) and whetfrordat
wind is strong, the adjustment timescale of a local thermadlyded pressure gradient
could be too long to have a major impact on the boundary layer adjustment. In the
PEACH case, the strong crefsental wind (O(10 m/s)) shortened the length scale for
turbulent adjustment and the surface heat flux became thegiforite in SBL

formation.

The wind velocity, shown ifigure 2394, is slowed by 2 m/s on average on the cold
side compared to the warm side, if one neglect the sudden incred8&at, which is
likely due to the local pressure gradient induced by yleogenesis. The surface stress
acted in coherence with the wind velocity. Such a decrease in wind velocity can be
explained in two possible mechanisms: the stability induced wind profile adjustment
shown inEqu.29, and the lack of higlnomentum air mixig down due to the

decoupling caused by the formation of the SBL. Considering the usual vertical mixing
timescale (O(30 min)), the decoupling could have enough time to modify the surface
wind over a distance of 10 km (the bin widthFigure 240 and2-41), and thus both

mechanisms could play important roles in this case.

It is worth noting that a strong (O(25 m/s)) ldewel jet was observed from the vertical
wind profiles from the soundings. The height of the maximum wind speed, unlike the
SBL height, wagonstantly around 140 m above the surface. We assume that this was a
cyclone induced LLJ, rather an SBL inertial oscillation induced LLJ, as the wind speed
reached a maximum of 50 m/s, which was too fast to be supportectbgrdy formed

SBL.

Based onhe vertical humidity profile, there was no significant cloud formation on the

cold side during this transect, consistent with theoretical expectations: the formation of
the SBL retarded the moisture exchange between the surface and the upper atmosphere,
prohibiting the formation of stratocumulus that were often seen in a convective boundary
layer. As the cloud cover was minimal, the radiative cooling at the top of the residual
layer could be ignored and the boundary layer, in this case, can be trealddas/é&n

by the surface layer.
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2.5 Summary

Meteorological observations, including sounding launches, in situ sea surface
measurements and fl@stimates from three field campaigns in the region of the Gulf
Steams, are used to study the boundary layer adjustment near an SST front. Combined
with satellite data and reanalysis, this study focuses on examining the relation between
observed wind and lmdary layer height modification and physical dynamics proposed

in previous studies: stability induced wind change, vertical mixing mechanism due to
internal boundary layer formation, and pressure gradient adjustment mechanism. To
better understand the eobf crosdrontal advection, this study divided transects from the
campaigns into three categories: wind blowing from the cold side of the front to the warm

side, the warm side to the cold side, and parallel wind along the SST front.

In the cold to warmase, the boundary layer height showed a significant increase over

the warm region, where high surface buoyancy flux was observed due to the significant
air-sea temperature difference. The stability change, however, only contributes to a small
portion of tre observed wind change. The correlation between the calculated thermally
induced pressure gradient and the wind adjustment is also weak in this case. The
estimated entrainment rate combining the contribution from surface flux, shear, and cloud
top radiative cooling, is close to the observed entrainment, suggesting that the IBL
physics is likely to be dominant in this case and the vertical mixing mechanism is acting

to bring high momentum air from above to accelerate the surface wind.

In the parallel wind &se, the boundary layer adjustment is confined within 50 km of the
SST front due to the weak cressental advection. Stability change again shows a weak
correlation with the observed wind change. The magnitude of thermally induced pressure
gradient is cosiderably larger than it is in the cold to warm case and shows a slightly
stronger correlation with surface wind. This may be because the adjustment length scale
for pressure gradient in weak crdssntal wind case is comparable with the scale for
turbulence (Spall 2007, Kilpatrick 2014). The entrainment rate estimated from IBL
dynamics is again close to the observed value, suggesting that in parallel wind case the

vertical mixing is still the dominant mechanism.
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In the warm to cold case, a stable boundary layer is formed over the cold side of the front
due to the warm air advected above the cool sea surface. Due to the inadequate resolution
of the vertical sounding profile, the height of the surface stable lapéaios significant
uncertainty, and the analysis is more qualitative in this case. Negative buoyancy flux was
observed on the cold side together with decreasing air pressure. The estimated SBL
height withEqu.220 is close to observed SBL height, suggesthe importance of the

air-sea temperature difference in SBL formation.

The effect of the synoptic system on the local observations in this study is not negligible.
The superposition of a synoptic pressure system led to complicated air pressure and wind
adjustment in several transects and was difficult to filter due to the rather long interval
between sounding launches. Galid outbreaks, which are common in the wintertime

Gulf Stream region, led to abnormally high surface fluxes exceeding 408, Wafidihe

behavior of the boundary layer was unique during the event compared to norrrtal cold

warm cases.

Overall, this study provided observational evidence for the dynamics proposed in
previous studies. (Small 2008, Kilpatrick 2014). The observed bouralaydvolution

near an SST front can be explained by the two major mechanisms: pressure adjustment
induced by SST, and vertical turbulent mixing. The stability change, as suggested in
previous studies (e.g., Wai 1989), has less influence. It is worthgrtb&n in previous

studies (e.g., de Szoeke Hehe entrainment induced by shear was often ignored as it is
small compared to the surface buoyancy and cloud top cooling. In this study, we showed
that the entrainment due to sheauld contribute as muchs 1/3 of the total observed

entrainment when the surface wind was high.

Future studies will compare the observations with numerical model outputs to better
guantify the effect of different dynamics without the superimposition of synoptic systems
and uncedrinty in determining the crog$sontal wind component. The higher temporal
resolution afforded by models can help to better track the effect of turbulent mixing,
which is often on a scale of 15 minutes. During the field campaign, the ship could not

stay & one location to track the MABL growth consistently, while in a model being able
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to track the boundary layer change at a set location will help to further refine the relation

between entrainment and underlying dynamics.
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Chapter 3

The Behavior ofthe Atmospheric Boundary Layar
the Vicinity ofthe Gulf Stream Sea Surface
Temperature FronWRF 2-D Simulations

Abstract

A series ofWeather Research and Forecasting model (Wédg)ized2-D simulations

are carried out to study the dynamics govegrire evolution of the boundary layer under

the influence of a messcale sea surface temperat(88T)front. Model background

wind is set from 0 to 15m/s to simulate tharine atmospheric boundary lay®tABL )

under different crosfontal wind regime. Sensitivity tests are carried out with physical
schemes switched on and off to differentiate the contribution from several proposed
dynamics: surface latent heat, atmospheric moigixgeess, andloud formation

Vertical mixing and pressure adjustment mechanisms are identified and analyzed in each
case to study their relative strength. Results show that moisture processes, including both
surface and atmosphere moisture exchange, alter the behavior of the MABhan&ST

front significantly by providing extra vertical mixing strength via buoyancy fluxes. The
thermally induced pressure gradient is also affected, as the boundary layer height
modification is different when the model is initialized with moist d&@amparison

between model runs with difference wind strength also shows that the pressure
adjustment mechanism is significantly stronger and becomes comparable to the vertical
mixing mechanism when the cresental wind is weak. The addition of cloud fortiwen

in the model not only provides extatrainmenbut also generates variabilitias

surface temperature distribution. The comparison betweerEhm@del and its

observational reference suggests that the inclusion of moisture processes is necessary
order to yield model MABL structure close to observaiatata.

3.1 Introduction

It is widely accepted that over a warm ocean, the heavy humidity and sensible heat
exchange at the asea interface will have a significant impact on the marine gthesg
boundary layer (MABL) (Stull 198&mall et al., 2008). In the Gulf Stream region,
wintertime cold air outbreak can often lead to surface latent heat exceeding 300W/m”2
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(Sweet et al., 198Warner et al., 1990). This heavy moisture exchange diraffdgts

the strength of the surface buoyancy flux, which can further strongly modify the structure
of the boundary layer (Venkatram et al., 193wl 1988 Liu et al., 2007 Small 2008).

It is thus of importance to include moisture processes in thelnmbdetter simulate the

response of the atmosphere to the underlying warm, moist ocean surface.

In previous studies, however, it is rarely seen that such a process is considered with a
significant focus. Idealized model runs that Badilar 2D cross fontal wind setup

(e.g., Skyllingstad et al., 200%pall et al., 2007) rarely includéuoyancy flux analysis,

or just ha complete dry settings (e.g., Kilpatrick et, 2014, 2016). One reason for such

a configuration can be the less important role ofsture in a pure sensibleeat

momentum analysis, which is a focus of said studies. These studies afteeiha

models initialized with dry atmosphere and minimum surface moisture to reduce the
amount of dynamics involved in the model where the rotb@moisture fluxvas

deemed to be negligible, whicbutd be true when the boundary layeas over a dry

land, or the aim of the studyas focused on aforementioned dry dynamics. These studies
aimed at the surface wind profile change duant8 STgradient, and the rel&d vertical
momentum mixing and pressure gradient adjustment, in which the dominant dynamics
can be complete without the addition of buoyancy flux. In more realiddisiBnulations
(e. g., O6 Nei | I, L. W., EsbensemnD.8., K., Thun
2010), moisture processes can be included as part of the initialization, but the analysis
was still heavily focused on the sensible heat flux change due to the SST and resulted

vertical mixing, while the role of the buoyancy term remained wtdéied.

This approach has been proven to be effective based on previous results (e.g. Schneider
and Qiu 2015), and we can also see in later sections that the overall boundary layer
structure is reasonably realistic in our dry setup as well. It is tim @ioihis study,

however, to argue that when studying the MABL evolution over a moist sea surface near
an SST front, it is important to include the moisture flux, specifically the surface latent
heat flux as one key dynamics, as it provides amegligide portion of vertical mixing,

which has been shown in previous studies (Small 28p&Il 2008 Kilpatrick 2014) that
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it is the major contributor in MABL evolution near an SST front when a strong-cross

front wind is present.

With such a goal, this studynas to investigate the role of both surface latent heat flux
and atmospheric humidity in the evolution of the boundary layer. Compared to the
Kilpatrick setup, this study includes cases that initialize the model with a moist sounding
from observation instel of a completely dry one, which sets up a more realistic PBL
structure with innate internal boundary layer and humidity profile. Surface latent heat,
microphysics and cumulus schemes are used to enable the formation of clouds from
moisture. It is clearrbm primitive simulations that with added moisture processes, the
structure of the MABL and evolution time scale is significantly different compared to a
dry setupHow these processes affect the MABL dynamics will be investigated with a

series of analysis.

As mentioned previously, the absence of moisture processes in simulations disabled the
formation of c¢cloud and | ed to fthéeMABLimck of c|
these model simulations. Based on observational results, however, the presence of cloud

at the top of the boundary layer in a convective case has been proven to have a significant
impact on the vertical mixing and entrainment (e.g., de Szetedde, 206). It is thus

important to have cloud schemes in the simulation to have a reasonable estimate of the

cloudtop radiative flux and its impact on the MABL. During the CLIMODE campaign,

cloud top observation was not available, and cloud toprogabuld only be a rough

estimate based on previous studies. By having pi@pad configuration, simulation

results provide a more reasonable estimate of the radiative cooling that can be used as a

reference when compared to observations.

The primary dfects of clouds on the MABL can be characterized into two main

categories: the radiative cooling due to the negative buoyancy flux, and the direct

interaction with both solar and infrared radiation. (Stull 1988) The first process creates

upsided own fattse®r mf cold air sinking from the cl
entrainment (Stull 1988). The entrainment velooity when cloudtop radiative

cooling dominates can be again approximated by:
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0 e < (3.1)

whereY'®is the net longvave radiative flux divergence near the cloud top ¥nd—

the virtual potential temperature difference across the entrainment zone (Stull 1988).
Such processes were still understudied in previous studies on MABL, where surface heat
fluxes were thought to be dominant in driving vertical mixing in a convectiez.lay

Older PBL schemes were also less focused on resolving this process, as its contribution
to the total TKE budget was less. More recent studies (e.g., EPIC 2001 campaign)
however have shown the importance of such mechanism in driving entrainmenbat the t
of the boundary layer, which can contribute as much as 20% of the total entrainment
observed. (de Szoeke 2005). Given the rigorous formation of bands of stratocumulus
cloud along the north wall of the Gulf Stream due to the large magnitude of latent hea
flux over the warmer ocean surface, analysis with an adequate focus on such a process is
necessary. The effect of the cloud top cooling can be quantitatively studied with the more
recent version of MYNN, which allows the parametrization of the cloudcedinegative
buoyance at the top of MABL. Sensitivity tests are performed by comparing simulations
with microphysics/cumulus schemes turned on and off, which directly control the
formation of any cloud. The goal is to quantitatively relate the boundaay d¢mgwth to

the magnitude of the cloud radiative flux, which is less seen in previous studies, due to

the lack of cloud top measurements with high enough resolution, frequency, or coverage.

The second effect, shading caused by cloud cover, is, howewechamore complicated
process to simulate. An accurate parameterization of such a process required knowledge
of liquid water content, cloud cover, solar zenith angle and many other factors (Welch
and Wielicki, 1984; Schmetz and Beniston, 1986). Givendtieer primitive cloud

schemes used in the model, it is beyond the scope of this study to quantitatively
investigate the role of cloud shading in MABL evolution. This process usually creates
negative feedback over land, as fewer thermals can be generatedrdduced surface
heating and the growth of the mixed layer will be slowed. However, over a warm sea
surface, the reduction in the solar radiation often causes much less temperature variation
than it does over land due to the relatively stable SST.rAsudt, shading caused by

cloud cover often creates much less influential feedback on the boundary layer growth
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over the ocean. It is thus safe to neglect this process even with cloud schemes fully

functioning in this particular study, where the SST idede constant.

As mentioned in the observational part of the study, four major possible mechanisms
have been proposed from previous studies to drive the atmospheric response to an SST
change. They are: a) the stability change due to the imposselatémperature

difference b) the enhanced mixing due to stronger surface turbulence and the mixing
down of air abovéHayes et al., 1989; Wallace et al., 1989)the thermally induced

pressure gradient with secondary circulafioindzen and Nigam1987) and d) the

relative motion between air and sea surface due to current (Kelly et al., 2001; Cornillon
and Park, 2001). The contribution from pure stability change has been shown to be much
less significant (see e.g. Wai and stage, 1989; Spall 200rent effect on the MABL,

on the other hand, has been shown significant in regions where strong current are present
(see e.g.Seo et al., 2016). While the current in the Gulf Stream region can be strong, in
this particular study, the current effece aot considered due to théd2model setup.

The vertical mixing and pressure gradient mechanisms thus are the two major dynamics

this study focuses on.

In the observational part of the study, the vertical mixing mechanism and its impact on
the MABL evoltion were evaluated by calculating the strength of buoyancy induced
turbulent mixing, shear induced mixing, and cloud top negative flux, and comparing the
resulted entrainment rate to the observed MABL height growth. While results have
shown a positive geelation between the vertical mixing strength and MABL growth, the
relatively large spatial and temporal gap between sounding launches made the sample
volume small and inconsistent. The namform wind direction over a 2dour

observation window also caticated the MABL structure. The pressure adjustment
analysis, which relied on the thermally induced pressure gradient calculated between
soundings, is also affected by the similar issue. With the ideal model simulation, the
analysis can be more quantivaiwith a much higher spatial resolution. Comparison of
the MABL at different locations at a particular time is also made possible. While similar

model simulation studies have been carried out before, the strength of this study is the
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combination of obseational data and model simulation that provides high resolution

backed with realistic configurations.

The main hypothesis of this study tries to answer is the contribution of said two
mechanisms in various wind cases. As Spall 2007 and Kilpatrick 20addripe

adjustment time scales for these two mechanisms are different, depending on the cross
frontal wind strength and spatial scale. They proposed that:

0 - 0 ] (32)

where U the crosfontal wind velocity,0 , 0 the adjustment length scales for mixing
and pressuré) ,O the depth scales, aid b  the vertical mixing coefficients,
respectively. They argued that the mixing coefficseanrte on the same order, and the
major difference between the two length scales is due to thefonossvind related

depth scale. In a strong crefssntal wind caseéQ) <<'O andd <<0 , an internal
boundary layer where vertical mixing mecltsamniis dominant is likely to form, while in a
weak wind casd) ~0 ,the SST induced pressure gradient can have a comparable
effect on the boundary layer. With proper cheickinitial wind and SST profile, the
relative strength of these mechanisms are analyzed via m@del configuration.

3.2 Model Setup

General 2D setup

A two-dimensional domain in-x direction is achieved ithe Weather Research and
Forecasting model (WRRith the ideal case em_seabreeze2d x. Compared to other
ideal case setups in WRF, this case allowsghilsics to better simulate the MABL
ervironment, which is expected to be compared with observations collected in previous
CLIMODE field campaigns. Some of the settings are to recreate the Kilpatrick ZD14 2
model, which is considered being a start point in this study. Additional modificatiens
added to allow more realistic simulations and more sophisticated dynamics, and details

on these modifications will be addressed in sections below.
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The primary domain used in all three wind cases is the same, which comprises 202 grid
points along the-axis with grid spacing of 2km. On theaxis, 144 grid points are

unevenly spaced across the 20000m domain, with the majority of them below 3000m to
better capture the evolution and dynamics inside the MABL, which is often lower than
2km. The latitude ofhe domain is set to 36N with the corresponding Coriolis

parameter, which is similar to the region whitre CLIMODE experiments were

conducted.

A periodic boundary condition is used along thaxys, while an open boundary

condition is used at upwind andwinwind boundaries to ensure the energy propagates
out properly, as described in Klemp and Lilly (1978), Klemp and Wilhelmson (1978) and
Kilpatrick (2014).

SST setup

In this study, the initial SST profile is an ideal product generated basglaservations
and is considered being static during the simulation. Specific values of the SST, front
width, and gradient can be adjusted based on the case being studied and the

corresponding observations of the simulation to be compared with.

In cold to waim and parallel wind cases, the SST profile is set that the warm side

occupies the majority of the domain to allow full development downwind. The SST front
starts at 60km from the upwind side of the d
hereafter. Therbnt width and temperature gradient over the front are set to be close to
observations from CLIMODE, which are 20km anrd®C, respectively. The cold side

SST is uniform, and increases linearly inside the front region, then becomes uniform

again on the wan side. A sample SST profile for cold to warm case is shown below.
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Figure 31: A sample of SST profile used in cold to warm case. 0 marks the start of the SST front. Negative

distance represents the cold side.

Sounding Initialization

To achieve more realistic simulations, MABL measurements Raminsondes are used

as initializaion profiles for the model. Sounding profiles fréhe CLIMODEcampaign

are used due to the relatively stable wind condition and-Wwond angle during the

experiment. Profiles from the other campaigns can be used in more specific related cases
if necessary.

For cold to warm and parallel wind case, a vertical profile averaged from all soundings in
cold to warm condition is used. Input from this profile includes pressure, temperature,

and mixing ratio. Once the temperature profile is determined, the unde8§n value is
adjusted so that the sounding profile is always neutral/slightly stable on the cold side.
Wind profile is generated based on the on the wind case instead and is uniform across the
entire vertical column. For cold to warm case, a U=15 m/g Wiawing along the saxis
(crossfront direction) is used, and a U = 3 m/s crfremtal wind is used in the

weak/parallel wind case.

Given that the D WRF model can only take a single vertical column as the initial
profile, a spirup period is needed for the model to adjust the entire domain, which
differs from real simulations, where ardainwide initialization can be achieved with a
set of realistic data. As a result, it is necessary to assume that thesfinstudsof the
simulation based on initial testaye not good representations of the actual dynamics.
Kilpatrick (2014) with asimilar onecolumn initialization, showed that the simulated
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MABL was more consistent after 24 hours, while in this study, the simulation shows a

relatively stable state at 12 hours.

Surface Layer and PBL Schemes

An improved Mellof Yamada (MY)turbulence closure model (MYNN model: Melior

Yamadda Nakanishi Niino model) is used for the surface layer and boundary layer

scheme. The MYNN model is a secemdler turbulence closure model that considers

buoyancy and stability effects with constants dateed from a LES data base

(Nakani shi and Niino 2009). Compared to othe
PBL with strong convection and humidity makes it a preferred scheme to use over a

warm ocean surface.

In MYNN, the 1D equations for mean quangs are given by:

~

— —% & Qo & h
— —O W QY Y h

o n , (33)
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whereo, U, 0 the velocitiesY andwthe geostrophic windj the total water content,

—the liquid water potential temperatui@&he Coriolis parameter, aridthe
gravitational acceleration. Capital letters denote enseavdeaged variables, small
letters tubulent variable, anglerackets for ensemble average and subscript O as a

reference state. (Nakanishi and Niino 2009)

The unknown secordrder turbulent fluxes MYNN solves are given by:
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wheren is the pressurég, the air density— k —p 1 @ 1 the virtual

potential temperature, artt R ,and- are the dissipation rates-effi— fF——,

and—, respectively. More detailed parameterizations and justifications have been

thorowhly discussed in previous studies (e.g., Nakanishi and Niino 2001, 2004, 2006,
and 2009), and will not be discussed further in this study. The WRF specific MYNN

configurations, however, will still be of importance to note as below.

MYNN computes the locaiomponent of the turbulent fluxes with an edtiffusivity
approach. The fluxes are represented as a prodadboélgradient ofleand an eddy

diffusivity coefficient, given by:
0% Uf — [ h (3.5)

where%o.can be any scalar or momentum component and the caymattient term, , a
function of the higher order moments only used in the {8v@bsurep the eddy

diffusivity coefficient for thermal and moisture variables, and the eddyviscosity
coefficient for the horizontal velocity components (Olson, J. B., Kenyon, J. S., Angevine,
wW. Brown, J. M. , Pagowski , M. ;, as& furRtiog e | j , K.

of mixing length scalea, and stability functionsy and"Y , shown as:
Op OaiYy 8 (3.6)
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The TKE equation in MYNN is given by:

~

— —afYy— 0 0 ©h (3.7)

where0d , 0 , andO refer to shear production, buoyancy production, and dissipation,
respectively. The first term on the righénd side refers to the vertical transport term. It

is worth noting that the buoyancy production term, compared to original MYNN, has
been modifiedo take clouetop radiative cooling into account. As previous studies (e.qg.
Deardorff 1980; Duynkerke and Driedonks 1987; de Szoke 2004) have shown, the
negative buoyance generated by stratocumulus clouds can drive convective turbulence
when the surface lmyancy fluxes are relatively small. The cloud top convective velocity

scale is then defined as
0 -0— a h (3.8)

which is similar ta) . from surface heat flux butses cloud radiative fluxes instead.

It is worth noting that, as MYNNEDMF (the masglux scheme) defines TKE on mass
points, it is possible to advect TKE, whereas other models usually cannot achieve such
function (Olson et al. 2019). In this study, themerical instabilities near the boundary

are still significant, especially itnetransport term, so the TKE advection option is still

to be used with caution.

One noteworthy configuration used in this study is the choice of the mixing length. The

origind MYNN defines the mixing length as a harmonic average in the form of:
- - - o (39)

where,a, &, & are surfacdayer length, turbulent length and buoyancy length,
respectively. A revised version that includes cloud mixing length can be found in Ito et
al. 2015. The revised version of the mixing length isaedted and shawto have better

performance in stable boundary layers (Olson et al. 2019) and is used in this study.
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While in situ surface observations collected in previous field campaign are based on
COARE parametrization, the WRF simulation cannot use COARE baseddith&arity
surface scheme, as the MYNN PBL scheme requires the coupled MYNN surface scheme
to function. Potential differences between schemes should be treated with,dautt@re

not a focuf this study.

Radiation Schemes

To make the simulation clost observations, a set of primitive radiation schemes is
used to provide necessary physics, such as absorption and scattering. The shortwave
scheme used is the Dudhia scheme (Dudhia 1989). This scheme allows simple and
efficient parameterization of thé@rtwave radiation with proper scattering, attenuation,
absorption with cloud taken into account. For long wave radiation, the Rapid Radiative
Transfer Model (RRTM) is implemented. RRTM uses a lookup table for efficient long
wave radiation parametrizatipwhich utilizes correlateld approach to calculate fluxes

and heating rates (Mlawer, E. J., Taubman, S. J., Brown, P. D., lacono, M. J., & Clough,
S. A.,1997).

In previous studies (e.g., Kilpatrick 2014, 2016), the radiation scheme was often turned
off in 2-D simulations, especially when latdrgatingwas turned off so cloud formation

was prohibited. In this study, based on simulation results, the MABL is not significantly
affected bythe diurnalcycle or cloud-coveringinduced radiation change withinetl36

hour simulation window; its, however still necessary to add a functioning radiation
scheme, as other schemes such as cumulus and microphysics depend on the radiation to

run properly.

Microphysics Scheme

To enable basic cloud dynamics, the Kessler microphysics scheme is used. The Kessler
microphysics scheme aimsparametrisehe warmrain process with simplicity and

efficiency. This scheme does not include ice or snow, which is acceptable in this
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particdar simulation, where such processes are not considered being significant in
MABL evolution over a warm ocean surface. Being a-omenent model that ignores
several important microphysics processes, the Kessler scheme significantly simplifies
cloud dynamis, which can lead to unrealistic precipitation profiles compared to other
models. In this study, however, as precipitation is not as impactful, the Kessler scheme
should not produce a significant bias in simulation results, while its high reliability and
efficiency surpasses other available schemes. More details regarding this model can be
found in Kessler, 1969.

Cumulus Scheme

Cumulus formation is an important process in MABL evolution, especially in a
convective boundary layer where thermals createsubiace buoyancy flux bring moist

air up and create clouds at the top of the mixed layer. (Stull, 8388l 2008) Such

process can not be ignored when the cloud top radiative flux is taken into account, which
can generate significant impact in the forrmegative buoyancy flux at the top of

MABL (e.g., de Szoeke 2@). Thus, it is crucial to properly parametrise the cumulus
formation process in this study. The Kdtritsch (KF) convective parameterization

scheme (CPS) is used to allow deep and shallowemion. This scheme is based on the
fundamental closure assumption as the FritShhppell (FC) (1980) scheme, which
assumes the convective effects to remove convective available potential energy in a grid
element within an advective time period. (Kaimddmritsch, 1993)It modulates the two

way exchange of mass between cloud and environment as a function of the buoyancy
characteristics of various mixtures of clear and cloudy air, while also assure the
conservation of mass, thermal energy, total moistacemomentum. (Kain and Fritsch,
1993; Kain 2004).

With microphysics and cumulus schemes, the model has been able to generate reasonable
clouds at the level where the top of the MABL is assumed tasghowrin Figure 32.

The distribution of clouds igualitatively consistent with previous observations (e.g.,

Carson, 1950; Sublette and Young 1996; Small 2008;), where cumulus clouds were

formed over the warm region.

105



Cloud Fraction

2000

1000

Height [m]

-50 0 50 100 150 200 250 300
Distance from the front [km]

Figure 32: The cloud fraction profile in a cold to warm simulation, U (from left ghtj =15m/s, cloud

fraction is colored code with range 0 to 1 as blue to yellow.

3.3 Methods

Boundary Layer Height

An accurate planetary boundary layer height (PBLH, or often referrsfiestimation is

of crucial importance in MABL studies, as it provides a fundamental description of the
structure of the boundary layer and is used as a base parameter in variansl flux
turbulence parameterization. While there are numerous ways to determine the PBLH,
including thermal profile, humidity profile, capping inversion height, and critical
Richardson number, the commonly used and préedab-accuratenethod in a

convecive boundary layer is to find the top end of the vmiked virtual temperature

profile.

In the original WRF configuration of MYNN, PBLH is determined by thethdia

increase method, where the top of the mixed layer is set to be the first level ln¢here t
virtual temperature is higher than the minimum virtual potential temperature inside the
boundary layer by 1.5K. While this method is widely used and tested and has shown
relatively unbiased results compared to observational data (e.g., Nizdsemon eal.
2008), the 1.5K critical value is constantly overestimating the PBLH in iDistdy.
Based on test results, lowering the critical value to 0.2K yields diagnostic PBLH that
captures the top of the mixed layer most accurately. While this valuewsdedy tested,

it provides a standard that is similar to the criteria used in the observational data that is to
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be compared with the simulation results. In CLIMODE sounding profiles, the top of the
boundary layer is manually picked by dyalling the capimg point in the virtual

potential temperature profile, and the 0.2K method would best agree with the manually
determined values, which keeps the consistency between the model diagnostic PBLH and

real observations.

Note that in a cloudy boundary layer, daghe much more complicated vertical virtual
potential temperature profile, the default diagnostic PBLH method based on temperature
is no longer valid, as it assumes a vertically uniform temperature profile. To estimate a
more accurate PBLH with cloud presence, the height where there is a cap in specific
humidity is used instead. Such a method has been testeetioutbcases and has shown

a good agreement with the default method.

T=12.5hours, Location = 140 km

4 ; T
Profile
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Figure 33: A virtual potential temperature profile with diagnostic Zi from the model with 0.2K method.
The gray line shows the level where the top of the mixed layeoésibn is 140km into the warm side,
with cold to warm wind U=15m/s. Zi is O (1000m).
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Entrainment Calculation

The relation between entrainment rate and boundary layer height growth in a free

convective boundary layer can be approximated by:
— 0 0, (3.10)

where( is the entrainment rate and the subsidence rate. The subsidence rate in the
model is set to be on order of 1mm/s, similar to MERRAZ2-yeand estimate in the

Gulf Stream region. The entrainment rate calculation is bro&em dnto three
components, similar to the formulation in the observational part of this study.

The first component of the entrainment rate is the direct effect of surface buoyancy flux,

which is dominated by the convective velocity scale, defined as:

02 — L,) - 7 ) 3'11)

The s subscript denotes the buoyancy flux at the surface. The entrainment rate then can

be expressed as:

— (3.12)

whereY& “(Y—F—is the buoyancy jump capping the inversion and A the faction of
surface flux contributing to entrainment. In de Szoeke 2005 they used A=0.2 and found
the surface buoyancy flux contributed only a small fraction to the observed entrainment.
Other studies (Pino et al 2003, Conzemius et al 2006) pointed that A around 0.32 is a
better representation of the surface buoyancy flux force. In this study wA&Geth-

0.35 to estimate the surface buoyancy driven entrainment. The buoyancy jump is
determined by taking the temperature of the model level 100m above the diagnostic

PBLH and subtract it by the mixed layer temperature.

The second component comes frora shearinduced entrainment. Tennekes 1973
proposed that, in a pure sheliiven boundary layer, the entrainment rate can be

estimated as:
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- == (3.13)

where s the initial average temperature across the boundary I&tee,boundary
layer height. The frictional velocity.is a direct output from the model, while the

buoyancy jump is calculated following the same steps in the previous section.

The third component, the entrainment due to cloud top radiative cooling, can be
approximated b¥qu.31. In this study, however, a more efficient way to calculate the
entrainment due to cloud is achieved by the baifunction MYNN PBL scheme that
computes the cloud convective velocity scale, shown previouslga88. This velocity
scale is similar t@., and thus can be directly used to calculate the entrainment rate due

to the negative buoyance at the top of the mixed layer.

Thermally induced pressure gradient

The pressure perturbation induced thermally by a surface heating due to SST can be

calcubted in the form:
0 -"Q—, 3.14)

where — is the vertically integrated potential temperature from the surface up to the
boundary layer height h, andis a scale value of the potential temperature (Mahrt et al.
2004). In their studythey pointed out the inadequacy in the vertical structure oétsenv

and thus could only gqualitatively compare the local pressure gradient with observed flow
acceleration. In this studthe thermally induced pressure gradient is calculated in the
same way, but the analysis will be more quantitative with much highgraral and

spatial resolutios
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3.4 Results and Discussion

3.4.1Base Model Performance

Similar to model outputs from Kilpatrick 2014, théd2model stabilizes-4 hours after

the initialization and shows no significant change in MABL structure after 12 hours,

likely due to reaching quasi g u i | i bmoteworthythat thodgh the MABL still

deepens slowly beyond 12 hours, the increaskidy and negligible, thus is treated
similarly as the trivial deepeknTha2p after
structure of the boundary layer is sratted on a 3tin interval, and-igure3-4 blue

line shows the 12hour snapshot in a cold to warm case run, with no cloud formation,

mi crophysics, or | atent heat f | ulxgc onMhd ctho

warm simulation, where major moisture exchange from the sea surdaaeot allowed.

In this setup, the model is initialized with a uniform, constant, cold to warm geostrophic
wind at a speed of 15m/s. The initial boundary layer is set with an averaged cold side
sounding profile from a cold to warm transect during the GRIME Knorr cruise,

hereafter referred as KnCW1.The width and gradient of the SST front in the model is set
to be close to observations made during the transect. Note that, in the observation, the
complex shape of the front lead to a continuously changing-fmont angle, while in the
model the wind is always crossing the front perpendicularly. This leads to a difference in
the magnitude of the cro$®nt component of the wind between the observation and the

model, which will be discussed in later sections.

Shown inFigure 34 as blue, it is evident that the MABL responds to tfoeg§ree SST
front and adjusts its structure rapidly within the first 50km into the front. Sensible heat
flux rises quickly from stable condition to a 100W/m”2 maximum at around 25km into
the warm sidef the front, then slowly decreases further into the warm region. Surface
latent heat flux is all zero, as intended due to the model setup. The wind field shows a
structure similar to Kilpatrick 2014: a dorike cell within the boundary layer with
intensfied surface wind, shown iRigure 34 (a) and(b), where a significant increase in

the 18m wind speed U10 can be seen on the warm side of the front. This is consistent
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with previous studies (e.g., Chelton 2004, S
acceleation on the warm side is expected due to several possible mechanisms, including

vertical mixing and pressure gradient forcing. The layered structure of botHranatss

and alongfront wind components U and V on the cold side get rapidly mixed with

enhared vertical mixing on the warm side. The potential temperaturegsbfiws a

well-mixed structure inside the boundary layer, with its top matching the diagnostic

height of the mixedayer. The specific humidity profile is in a uniform dry state, due to

the lack of moisture mixing from the sea surface. Note that in later simulations, the model

is initialized with a sounding with moisture, but in this particular case a completely dry

initialization is used to better emphasize the lack of moisture processes

With the model behaving similarly to previou
2014), it is reasonable to assume that thig bakip can represent a reliable primitive

simulation of the boundary layer near the SST front.

Figure 34 (nextpage) 2-D Model outputs from three cold to warm cases (U=15m/s), from top to bottom
(a) to (fx SST (all three cases have the same value), surface sensible heat flux, surface latent heat flux,
surface buoyancy flux, 10m wind velocity U10, and modejjigstic boundary layer height PBLH. Blue,
red and yellow lines represent the dry sounding with no moisture setup, the dry sounding with moisture
setup and the wet sounding with moisture setup, respectively. The wet sounding has a moist initial
humidity prdile with surface air at 4.7g/kg, compared to the vertically uniform 0.0014g/kg in the dry
sounding used in Kilpatrick 2014. This snapshot is taken at 11.5hours after the model start.
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Figure 35: Bottom 2000m of model outputs from the base no moisture dry sounding case at 11.5 hours.
From top to bottom(a) to (d) U, V, potential temperature, specific humidity. Corresponds to blue in
Figure 34.
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Figure 36: Same a$igure 35 but for the dry sounding moist setup, corresponding to r&ibimre 34.
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3.4.2No-Cloud Cases

Cold to warm

To examine the influence of the surface moisture flux on the MABL, two similar setups
with surface latent heat flux enabled are used for comparison, shown in red and yellow in
Figure 34. Note that besides the difference between no surface flux and fistiungo

flux (blue vs. red, blue vs. yellow), differences in multiple profiles between dry sounding
initialization and wet sounding initialization (red vs. yellow) are alsomegligible. As
mentioned in the Method section, the initialization sounding usetbst cases

(including yellow) in this study is based on observations made dine@LIMODE

campaigns and includes observed real vertically varying humidity profiles, while the dry
initialization used in particular base setups (blue and red) is clossota@etely dry

state (with vertically uniform specific humidity 0.0014g/kg), to resemble Kilpatrick
20146s dry setup. The role of the moisture i
including both surface flux and atmosphere humidity, will be comparmdiaoussed in

detail below. To compare the model results with observations, the data from KnCW1 is
used as a reference. Note that due to the limited dynamics and initialization optiens in 2

D WRF cases, as well as the lack of synoptic systems, the nesdétkrare not matching

its observational counterparts perfectly. The difference is prominent,especially in

actual boundary layer height. We conclude that, however, the model results should still
agree with observations relatively well in entrainnrate, pressure gradient and relative
PBLH growth trend, as these dynamics are less dependent on larger scale processes and
are better simulated in the@2 WRF setup. The justification for such a conclusion will be

addressed in the laterC3 modelchapter.

The surface sensible heat flxdure 34 (b)) in completely dry case (blue) and

completely wet case (yellow) behaves similarly with almost identical magnitudes and
trends. The surface heat flux reaches the peak at 25km into the warm side, where cooler
air from upwindside brought by strong cold to warm advection creates the largssiaair
temperature difference. Further away from the SST front, the surface flux gradually

decreases, as a@ea temperature difference decreases when the boundary layezsece
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less influence from the SST front and reaches equilibrium. Note that the dry sounding
with moisture flux case (red) has a similar overall trend but a much higher magnitude in
both sensible and latent fluxes. As there is no cloud or other dynamiesethree

cases, the difference can only be due to dynamics inside the boundari?medr(d)n

Figure 35, 6, and7 show the difference in the vertical structure of the potential
temperature. It is clear that the red case has a significantly cooied#&ry layer (2

degrees lower) compared to the other two cases. The reason for such a difference is the
much more rampant vertical mixing on the cold side of the front. As shokigune 34

(f), the boundary layer height on the cold side is much higtee enhanced deepening in
red is mainly due to the high aea humidity difference induced by the dry sounding
initialization with surface moisture flux enabled..Aigure 34 (d), we can see that red is

the only case where a positive buoyancy flugrssent in the cold region. While after

12hrs of simulation, the humidity difference has been reducedasiifference fuels the
vertical mixing over the cold region during the spmphase by generating a significant
surface buoyancy flux, creating anstable boundary layer over the cool sea surface. The
resulting temperature profile reflects the deeper upward mixing of the cool air that has a
temperature close to cold side SST(285K). This column of cooler air is then horizontally
advected by the stng crossfrontal wind, causing the stronger-aea temperature

difference inside the boundary layer over the warm region, ultimately leading to the
shown higher sensible and latent heat flux, as the influx of cooler air is felt by the surface
via enhancedertical mixing over the warmer sea surface. Such a mixing on the cold side
is not seen in the other two cases, as in the blue case (dry sounding, no surface latent
heat), the lack of moisture exchange prohibits vertical mixing, as the cold side ifiyatura
thermally stable. In the yellow case (wet sounding with surface latent heat), the humidity
difference is neutralized by using the sounding profile averaged from observations, which
has a humidity profile already in quasguilibrium with underlying cdcsea surface, and

thus limited vertical mixing can be generated on the stable side. This stable side mixing
behavior implies the importance of moisture in boundary layer studies, as previous
studies and literatures (e.g. Stull 1988patrick 2014 Schnéder and Qiu 2015) that

focus heavily on sensible heat budget and dry dynamics often use simplified dry

atmosphere and no surafce moisture, as the sensible heat budget is their main focus, and
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the lack of moisture is considered to have negligible effesaahprocess. In this study,
however, it is shown that when simulating a madtmospheric boundary layer, the
addition of moisture, while the sensible heat bugdetiglirectly affected, can lead to a
significant change in overall boundary layer stooe that can indirecly afftect the dry

dynamics (e.g. the change in sensible heat flux in the red case).

Wind profiles in blue and yellowF{gure 35 and7) show a strong zonétross-frontal)
accelerationover the first 25km into the warm side of the front, and a dexteda in
meridional(along-frontal) component, which makes the flow turniagti-cyclonically,
consistent with OONeill 2010 and Kilpatrick
develops due to rotation and frictioKilpatrick, 2014). In the red case, the cold side

wind adjustment reaches as far as 100km into the warm side, due to the higher boundary

layer on the cold side and overall strong background advection.

The model diagnostic PBLH reflects the increased entrainmenbdbe addition of

moisture. An over 18% increase can be seen in the red case, while the completely wet
case shows a further deepening over the warm region. These increases in boundary layer
height is considered as main products of vertical mixing, as<thee latent heat flux from

the sea surface produces a significant amount of surface buoyancy flux, which directly
contributes to the entrainment rate at the top of the boundary layer, describgd.8y1

demonstrated again below:

The strength of said mechanism can be seé&igure 38, where the entrainment rates

for all three cases are shown. On the cold side, all three cases have close to zero
entrainment, despite that the red case has a slightly higher rate due to the aforementioned
air-sea humidity difference. The positive entrainment rate over the cold region in this

case agrees with the much higher MABL and the-wXed structure. Note #t as the

capping inversion at 12hrsstrong in this case (over 5 degrees), the entrainment is

minimal (1mm/s). During the spinp phase, however, as the capping inversion is much
weaker, entrainment over 12hrs on the cold side can support the muahRighé

shown in this case. On the warm side, it is evident that the addition of surface moisture
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greatly increases the — term and thus provides a significantly higher entrainment

(yellow vs. blue). While irFigure 34 (d), it is shown that the red case has the highest

buoyance fluxO — , which in turn should yield the strongest vertical mixing, the
entrainment rate in this case has a different trend compared to the other two. This again is

due to the cooler boundalayer in red, which leads to a stronger capping inversian

The top of boundary layerrtgerature difference in red, shownRigure 36 (e), is

above 5 degrees on the cold side, and gradually decreases to lower than 2 degrees deeper
into the warnside, while in blue and yellow case, the magnitude of the capping inversion
is much smaller (1 2 degrees), due to the overall warmer boundary layer. This

difference leads to the different trends in the entrainment r&ligume 38, where the
entrainmenrate in red actually increases in the warmer region due to the weaker capping
inversion, despite that the surface buoyancy flux gets weaker as the surface temperature
difference reaches equilibrium. In blue and yellow case the boundary layer reaches a
state with similar temperature profiles after spim and the resulting entrainment rates
reflect the difference in surface buoyancy flux. This difference is also coherent with
model diagnostic PBLH, where yellow shows the largest growth, despitésthatface
buoyancy is lower than the red case. Compared to the observed entrainment from
KnCW1, which is 914 mm/s (gray dash lines igure 38), the yellow line is closest to
observations, justifying the inclusion of both surface moisture flux and atem@sph
moisture. While the red case is also in range, the entrainment rate from observations
decreases gradually deeper into the warm side, which conflicts with the red trend. Note
that the cloudop -induced entrainment is excluded from these three cabds, tive
observation value fron KnCW1 includes both cloud contribution and shear contribution.
The contribution from cloud on entrainment will be discussed in later sections, while the
sheafinduced entrainment is on the same order in all three casegs thesrtsimilar

friction velocity 6. and not to be discussed here.

Thermally induced pressure gradients in these cases are shbignra 39. It is
important to see that while the thermally induced pressured gradients described by
Equ.316 is often considered a dry process (e.ghi11982, 2004Kilpatrick 2014), the

addition of various moisture processes alters the behaviors of such a mechanism. The
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difference between blue and red is mainly due to the larger overafi red caused by

cooler air advection from upind. Note that in the &0kmregionthe— is actually

close to zero in red due to the highlgrizontally mixed boundary layer, hence the
smallerd , despite thaiQthere in red is much higher. In the warmer region, the larger
temperature gradienbntributes to over 70% of the seen differencairbetween red and
blue, and red and yellow, while the contribution from differenc@mecomes even
smaller as PBLH grows rampantly in yellow. Note that the PRDgtays a more

important role in complete dry vs complete wet: the main difference between blue and
yellow can only be cauddy "Qrather than— , as they share a tempenad profile with

a similar gradient. The difference’lkicks in at 2550km, where the PBLH in yellow

starts to outgrow blue significantly, and a larger differende is seen. Deeper into the
warm region, the manigutde of decreases as— decreases in a quasjuilibrium

state boundary layer. It is worth noting tiis mainly modified by vertical mixing,
which has been shown to be highly sensitive to the addition of moisture. While the
relative difference in magnitude between wet anydoases is significant (over 30%), the
absolute difference (0.20° m/s%) is small compared to common values near an SST
front (e.g., Mahrt 2004Kawai et al. 2014) and observed values from KnCW1{Q.5

10° m/<%). This still, however, demonstrates the imporeéaotmoisture processes in
boundary layer studies, as its contribution to boundary layer evolution can also indirectly

affect dynamics that are considerd to be dry.
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Parallel/Weak Wind

These three setups in the last section were also run in a weak wind setup. While due to
the 2D configuration of the model domain, the meridio(@bng-frontal) wind

component has limited variability compared to commdh §mulations, these casedlsti
represent a valid weak wind scenario where the drossal wind component is 3m/s. To
compare the model results with observations, another transect from CLIMODE Knorr is
used as a reference, and hereafter referred as KnPL1. KnPL1 has a sueia@e8SST

front, with 23m/s crossrontal wind. Note that KnPL1 has a relatively strongd(8/s)
alongfront wind component, while the simulation has only a cfosstal wind. This
difference does not change how the model agrees with the observation &d,darer

does lead to a slightly higher entrainment in KnPL1 due to stronger shear production,

which will be discussed later.

Like in strong wind cases, the dry sounding with suHatentheat case (red) again

shows a unique stable side high (250m) boontigyer, in concert with the positive
buoyancy flux shown iifrigure 310 (d). This deepening on the cold side creates a
vertically mixed column of air, in contrast with the typical shallow stable boundary layer
shown in the other two cases. As discussdtieé previous section, this layer, with

background wind advection, causes a cooler boundary layer to pass the SST front and
reaching the warm side, ultimately leading to a higher inversion cap and strenger

which affects both vertical mixinghd pressure gradient force. Compared to its strong
wind counterpart, in this case the cooler air cell extends only 50km into the warm side,
due to the weaker background advection. Its height is also lower (250m vs over 500m),
indicating the weaker entrairent due to reduced surface wind stress. The differences in
completely dry (blue) and completely wet (yellow) is similar to those in strong wind

cases, mainly induced by the difference in surface latent heat flux.

Wind profiles in blue and yellow are similto strong wind cases, with the difference
being that beyond 150km, the horizontal wind speed gradient no longer exists, as weaker
advection (3m/s) can only bring aar this point at 11.5h. The increase in surface wind

can be clearly seen Figure 310 (e), where a 2m/s increase is present in both blue and
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yellow case. It is note worth noting that such an increase is not evident in the red case.

One possible explanatiamill be discussed in the later pressure gradient section.

The 150km cubff is alsoseen in PBLHKigure 310 (f)), where the boundary layer

height does not grow with distance beyond this point, as it no longer receives the
influence from the front, and all the MABL deepening is caused by local buoyancy flux.
In KnPL1, a similar cubff is also seen at 100km. Note that again, due to the stronger
inversion cap induced by the cooler boundary layer, the entrainment rate in red is much
lower compared to yellowF{gure 314). The difference between dry (blue) and moist
(yellow) setups lead® anover 40% increase in PBLH due to the stronger buoyancy flux
during the spirup phase. It is worth noting that compared to the strong wind case, these
weak wind cases hawesignificantly lower entrainment rate from the smaller surface
buoyancy flux due to the reduced wind velocity at the surface. The stronger advection in
strong wind cases allows boundary layer deepening beyond 150ung 34 (f)), and

while the entrainmet rate becomes smaller with distance, it still modifies the top of the
boundary layer far away from the front. In the weak wind case, the limitedfooosal

wind component causes the boundary layer modification to be within the first 150km, and
the entainment rate becomes flat beyond that point, as the influence of the SST front is
minimal. With the subsidence rate eRinm/s in the model, it is reasonable to believe

that beyond the cudff point, the boundary layer height is quagtionary. Compareit
observed rates from KnPL1-(@m/s), the entrainment rates in all these cases are lower.
As mentioned previously, however, the aldnont wind in KnPL1 creates a higher

friction velocity that enhances the sh&adluced entrainment, which is not in timedel

setup. A rough estimate of pure surfdweyancy induced entrainment from KnPL1 is
made to better compare with model results, shown as gray dash I¥igarne 314.

Again, the completely wet case-§nm/s) agrees with the observation7fam/s) the

best.

In terms of thermally induced pressure gradient, weak wind cases in general have
significantly higher magnitude, and their influence is confined with in the first 150km
into the warm region. The substantially different behavior in pressure gredient
consistent witfequ.32, which argues that the weaker wind allows longer adjustment
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time for thermally induced pressure gradient to have a greater impact on boundary layer
evolution. The effect of crodsont wind strength can be seenFigure 316, where

results from 6 completely wet cases with different background wind speeds are shown. It
is clear that as the cref®nt wind component gets slower and advection gets weaker,

the cooler air mass being transported gets more time to react to the ugdedymer

sea surface, and thus creating a more stacked, less-spitgudhik ofd on the warm

side. In the U = Om/s case, thermally induced pressure is almost completely local at the
SST front, while in the strong wind cas8sjs evened out as clew air mass gets carried
further into the warm region and its temperature gets closer to underlying SST. As shown
in Figure 315, the magnitude a is much stronger within the first 150km. The

magnitude is consistent with KnPL1-21 10° m/s?) andcommon values from previous

studies in weak wind regions (e.g. Kawai 2014). the observed wind acceleFagiore (
3-10 (e)) in yellow and blue is in concert with the highthere, indicating thal can be
at least partially responsible for an accal®n of 2m/s, given that the vertical mixing in

this region is less rampart compared to stronger wind cases. Note that despite the greater
— in red and the resulting high, the surface wind speed in red does not shown

significant increaserossing the SST front. The reason for this is less clear, but we
assume that it can be due to the mioettermixed layer in red, which consisté amore
vertically uniform wind profile that is less affected tye surface SST. This can also
explain the weadr increase shown in the strong wind cdsgure 34 (e)), yet this

assumption should be taken with caution.

In general, weaker wind cases show similar differences between dry and wet setup,
compared to strong wind cases. The addition of both surfacatisuedpheric moisture

process makes the simulation closer to observations. Compared to strong wind cases, the
thermally induced pressure gradient is much stronger. Its horizontal distribution is also
highly tied to advection strength, which supports theiptes argument that can be

more responsible for boundary layer adjustment in a weak wind case, given that

adjustment time scaddor pressure gradient and vertical mixing become comparable.
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Figure 310: Same agigure 34 but for weak wind cases (U=3m/s).
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Figure 311: Same agigure 35 but for weak wind cases (U=3m/s).
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Figure 312: Same agigure 36 but for weak wind cases (U=3m/s).
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Figure 313: Same agigure 37 but for weak wind cases (U=3m/s).
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Figure 314: Same a$igure 38 but for weak wind cases (U=3m/s).

Figure 315: Same a&igure 39 but for weak wind cases (U=3m/s).
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