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Introduction

The coastal zone is complicated by internal boundary layers and growing waves in offshore
flow, incoming swell and shoaling, and diurnally varying wind fields. The case of offshore flow
of warm air over cooler water (typically occurring in the afternoon) has alluded modeling
efforts to date. [nterpretation of data analysis is made difficult by the fact that different
influences are interrelated so that one can find significant, misleading, correlation through
indirect relationships. For example, the roughness length appears to be a strong function of
wave age in offshore flow. However, wave age is strongly correlated with fetch, as is the
strong turbulence advected from land, which decays in the downstream direction. Based on
statistical analyses, one could highlight wave state as the dominate influence even though its
effect is secondary and happens to correlate with the more direct influence of advection of
turbulence on the surface stress. '

With this warning, the present research has identified a number of solid influences. Shallow
convective internal boundary layers in offshore flow suppress well developed convective
eddies so that the heat flux is less than predicted by existing formulations; that is, the thin
boundary-layer depth influences the flux-gradient relationship at the surface, requiring
generalization of Monin-Obukhov similarity theory. The nature of the turbulence over land
exerts a strong influence on both the boundary layer structure over the sea and the surface
stress and fluxes through advection of turbulence energy. These effects are significant in the
near coastal zone, typically the first 5 or 10 km offshore. Thirdly, confused multimodel seas
without a dominate spectral peak is a better indicator of laxge stress (large roughness length
and large Chamock coefficient) than wave age.

On the other hand, Monin-Obukhov similarity theory was a good approximation for the flux-
gradient relationship for onshore flow. In general, there is no fundamental difficulty with
Monin-Obukhov similarity for stationary homogeneous flow over the sea, in contrast to some
earlier suspicions. '

The following report consists of three papers from 1999, all based on data from the Risoe Air
Sea Experiment (RASEX). “Observations of non-dimensional wind shear in the coastal zone”

~ appeared in the Quarterly Joumal of Royal Meteorological Society (vol. 128, pp 2685-2702).

“Boundary-layer transitions in offshore flow has been recently submitted to Boundary-Layer
Meteorology. “The coastal zone” recently appeared as a chapter in the book, Air-Sea
Exchange: Physics, Chemistry and Dynamics, Kluwer Academic Publishers, 1999.
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19 Sept 1999

Abstract

The adjustment of the boundary layer immediately downstream from a
coastline is examined in terms of 2 levels of eddy correlation data collected
on a mast at the shore and 6 levels of eddy correlation data collected from a
mast 2 km offshore during RASEX. The characteristics of offshore flow are
studied in terms of case studies and inter-variable relationships for the entire
one month data set. A turbulent kinetic energy budget is constructed for
each case study. _

Although the buoyancy-generation of turbulence is generally small com-
pared to- shéa.r—genera.tion, the weakly stable and weakly unstable cases ex-
hibit completely different vertical structure. With flow of warm air from land
over cooler water, modest buoyancy destruction of turbulence and reduced
shear-generation of turbulence over the less-rough sea surface cause the tur-
bulence to weaken downstream from the coast. Shear-generation at higher
levels and advection of stxA'onger' turbulence from land lead to a maximum of
stress and turbulence energy above the surface, in contrast to conventional
boundary layers where the stress is a maximum at the surface and decreases
with height. ‘

With flow of cool air over a warmer sea surface, a convective internal
boundary layer develops downstream from the coast. However, an overlying
thick layer of downward buoyancy flux (virtual temperature flux) is main-

tained by shear-generation in the accelerating offshore flow.
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1. Introduction

The response of the atmosphere to surface discontinuities is often posed
in terms of internal boundary layers (Garratt, 1990). In flow of warm air
from a rough land surface over a cooler sea surface, the flow near the surface
may not adjust to the new surface in the usual sense. The flow above the thin
stable surface layer (Figure 1a), which was part of the boundary layer over
land, may become partially decoupled from the surface, accelerate and form
a low level jet (Smedman et al., 1995; Tjernstrom and Smedman, 1993). The
shear on the underside of the jet may eventually generate turbulence and
reestablish a surface-based boundary layer. In this case, the rﬁain source of
turbulence is elevated and not at the surface and Monin-Obukhov scaling is
invalid (Smedman et al., 1995). Further downstream, the flow can become -
near neutral as the air cools and substantially reduces the air-sea temperature
difference (Smedman et al., 1997).

In some cases of flow of warm air over a cooler surface, a well-defined
stable internal boundary layer develops (Garratt and Ryan, 1989). In a nu-
merical study of the influence of the continental diurnal variation on offshore
flow, Garratt (1987) found that the onset of daytime convective turbulence
was advected offshore as a jump that could be traced for hundreds of kilo-
meters offshore, well beyond the fetch in the present‘ data. The numerical
simulations of Mengelkamp (1991) indicate that the top of the stable internal
boundary layer can be defined in terms of a minimum in the vertical profile
of turbulence kinetic energy while numerical simulations of Garratt (1987)
indicate a minimum of eddy diffusivity at the top of the stable internal bound-
ai‘y layer. The level of minimum turbulence separé,tes the underlying internal

boundary layer from overlying decaying ‘turbulence. In Mengelkamp (1991),
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| this overlying decaying turbulence still exhibits some upward buoyancy flux
offshore, characteristic of the upstream convective boundary layer.

A number of studies document development of well-defined convective
internal boundary layers in flow of cool air over a warm surface (see review .
in Garratt, 1990). The growing convective internal boundary layer is usually
capped by a thin entrainment zone of downward buoyancy flux. In contrast,
Sun et al. (1998) study a convective internal boundary layer which is capped
by a relatively thick layer of downward buoyancy flux, maintained by elevated
shear-generation.

" The above studies suggest complex and more varied vertical structure of
the convective internal boundary layer in offshore flow. Sun et al. (2000)
show that close to the coast, advection from land dominates the near-surface
stress. We will refer to this region as the “near-coastal” zone (Figure 1). |
In offshore flow over the near-coastal zone, existing sirﬁilarity theory may
be invalid (Vickers and Mahrt, 1999). In contrastA, Monin-Obukhov scaling
successfully describes the turbulence enérgy budget (Edson and Fairall., 1998;
Wilczak et al, 1999) and the flux-gradient relationship (Vickers and Mahrt,
1999) a;bove the wave boundary layer for stationary onshore flow.

Downstream from the near-coastal zone, the stress is dominated by wave
growth and advection of turbulence is no longer important. However, the
atmospheric boundary-layer depth and vertical structure may still be adjust-
ing. We refer to this region as the “outer coastal zone”. This partitioning
into two zones is somewhat arbitrary and over-simplified, and the various
adjustments are gradual without a sharp transition in the downstream di-
rection. In fact, definition of an internal boundary layer will not be obvious
from the observations of stable offshore flows. However, this partitioning will

help organize our initial investigations and provide some link to historical
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thinking.
This study emphasizes the near-coastal zone and examines the vertical
structure of both stable and unstable offshore-flow with a heavily instru-

mented offshore tower, described in the next section.

2. Data

We analyze offshore tower data collected during the Risg Air Sea Exper-
iment (RASEX). The full RASEX experiment instrumentation is described
in Barthelmie et al. (1994) and Hgjstrup et al. (1997). In this study, we
analyze observations taken at the sea mast west tower, located 2 km off the
northwestern coast of the island of Lolland, Denmark, in 4 m of water, for
the intensive observing period 3 October through 8 November 1994. The
variation in mean water depth due to tides is only about 0.3 m. Local off-
_shore (southerly) flow is characterized by a sea fetch ranging between 2 km
and 5 km. On-shore flow has a fetch between 15 km and 25 km as it travels
~ across an inland sea, and is still potentially fetch-limited. Fetch is thé dis-
tance along the flow from the coast to the sea mast. Water depths for the
longer fetches range from 4 m to 20 m. The nearby land surface is relatively
flat.

Various corrections to the data are recorded in Mahrt et al. (1996). Aver-
aged vertical profiles of the buoyancy flux and friction velocity are computed
from the 6 levels of sonic anemometers. In offshore flow, the vertical vari-
ation of the flux is much larger than differences between individual sonic
anemometers. For some analyses, the fluxes for the three lowest levels will
be averaged since the effect of instrumental differences may be larger than

the actual vertical variation over such short vertical distances.




2.1 Turbulence energy budget

Insight into the vertical structure of the offshore flow can be gained by
evaluating the turbulence kinetic energy budget using the stress and virtual
temperature flux computed from sonic anemometers located at 3, 6, 10, 18,
32 and 45 m on the offshore tower. o

For shear-generation of turbulence kinetic energy, the mean wind shear is
computed from seven cup anemometers (P224b sensor) located at 7, 15, 20,
29, 38, 43 and 48 m. Corrections to the cup anemometers were made by com-
positing the wind speed profile based on all of the records with fetch greater
than 10 km and near-neutral conditions (abs.(z/L) < 0.1). This averaged
profile is fit to a log-linear height-dependence and percentage corrections for
each level are constructed from the deviation of the averaged profile from
the log-linear fit. These corrections partially remove small systematic irreg-
ularities in the profile. Percentage corrections to the wind speed are always
less than 2% but exert a greater influence on the shear. The computation of
the shear-generation term neglects directional shear, which could not be ade-
quately estimated from the sonic anemometer data due to small uncertainties
in orientation.

For offshore cases (fetch < 5km), advection of turbulence kinetic energy

is estimated as

TKESM—TKELM] (1)
fetch :

where V is the wind speed, SM refers to the offshore mast and LM refers

4

to the land mast. This term can be estimated at the 6- and 18-m levels,
corresponding to the common sonic anemometer levels at the landmast and
seamast. Here, it is assumed that the turbulence kinetic energy, TKE, is

spatially invariant along the coast for cases where the flow was not perpen-
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dicular to the coast. Unfortunately, advection could not be estimated above
18 m. Dissipation is estimated following the spectral approach of Edson and
Fairall (1998). The spectral slope was determined from a least squares fit
over the frequency range thought to be in the inertial subrange. In some
cases, the inertial subrange does not appear to be fully developed possibly
due to nonequilibrium conditions in offshore flow and errors in the dissipation
estimate may be significant. We expect the wave-induced pressure transport
term to be small for this data even at the lowest (3 m) tower level (Hare et
al., 1997). The wavelength and amplitude of the fetch-limited surface waves
are generally small compared to open ocean values.

The residuals for the turbulence kinetic energy budget are expected to
be large because the pressure transport term is neglected and the errors in
the vertical flux divergence and horizontal advection of turbulence energy are
expected to be significant. The vertical flux divergence term (triple correla-
tion term) suffer larger random flux errors compared to covariances, and the
flux divergence term is a small difference between vertical flux of turbulence
energy at two levels. We have also neglected the Eulerian time-dependence
term, the mean vertical advection of turbulence kinetic energy as well as hor-
izontal flux divergence of turbulence energy equation. These terms appear
to be small with relatively large errors. Considering the above difficulties,
the residual term is relatively small for most of the case studies (see Figures

6 and 11 below).
2.2 Diagnostic quantities

To crudely quantify the unusual vertical structure of offshore flows, the

stress ratio is computed as




. . StressSyppe
stress ratio = ————2P

©)

where stressypyper is the average of the stress magnitude at the two upper

stresSipwer

tower levels, 32 m and 45 m, and the stressiouer is the average of the three
lowest levels, 3 m, 6 m and 10 m.

We compute the buoyancy flux ratio as

buoyancy fluz pper A 3)

buo ! tio =
uoyancy f uz rait buoyancyflu$zower

where the same levels are used as in Eq. 2. This relationship is applied only

to data where the magnitude of the buoyancy flux for the lower layer exceeds
0.01 °Cms™1.

2.3 External variables

We now define two variables which are external to the vertical structure
of the flow at the sea mast. With tﬁe exception of flow of cold air 6ver
warmer water, the turbulence will decay to some smaller value downstream
from the coast. The travel time of the flow (fetch/wind speed) from the coast
describes the period during which the decay takes place.

As a second external variable, we define an “external Richardson number”

_ hgAb/o®,

Ryt = (4)

where h is the boundary-layer depth, o, is the standard deviation of the up-

ao?

stream vertical velocity, Af is the difference between the upstream air tem-
perature and the downstream sea surface temperature, ©, is the averaged

potential temperature, g is the acceleration of gravity and « is a nondimen-




sional coefficient, arbitrarily chosen as 10° in order to make Reg: of order
one.

With small values of Res:, the strength of the potential air-surface tem-
perature difference is not sufficient to induce a well-defined internal boundary
layer in the face of vigorous mixing (large o,,) due to the advected turbulence.
In this case, the boundary layer advected from land is predicted to adjust
to the new surface conditions through continuous decrease of turbulence and
boundary-layer depth in the downstream direction, without formation of a
new internal boundary layer (Figure 1c). We refer to this case as the adjust-
ing boundary layer. While windy cases of small air-sea temperature difference
appear to fit this category, the RASEX does not allow examination of the
spatial variation of the boundafy layer depth. R, is an external forcing
parameter representing the influence of the upstream flow and sea surface
temperature, as opposed to the Richardson number and z[L over the sea
which are functions of the flow itself at the seamast.

This external Richardson number can be evaluated only for offshore flow
(fetch = 2-5 km) where the landmast can be used as upstream information.
The boundary-layer depth was available from a tethered balloon only for
a subset of days. We assign the boundary-layer depth a constant value of
500 m, in which case R.,: depends only on the temperature difference and
upstream o, The latter was estimated as the average from the 6- and 18-m
levels at the landmast. The usual stability parameter z /L is highly correlated
with Res: (Figure 2) for stable, near neutral and weakly unstable conditions,
perhaps reflecting the fact that the local stability is determined by advection
from the upstream land surface. Once R.;: becomes more negative than -1,
z/ L appears to be independent of Res:, although there were no offshore cases

with large instability.




- 3. Land-sea contrast

Even though the observations are collected in October at 54 N latitude,
some diurnal signature can be seen on many of the days with offshore flow.
‘The maximum upward buoyancy flux at the sea surface most often occurs
in the morning when the air advected from the land is coolest. The maxi-
mum downward buoyancy flux at the sea surface tends to occur in the late
afternoon when the air over land is warmest. On average, the diurnal ampli-
tude of the buoyancy flux is 0.02 °Cms-!. This averaged diurnal amplitude
is reduced by the low sun angle and numerous cloudy days included in the
average. Using temperature at two levels for summer for the same land and
sea masts, Barthelmie et al. (1996) found, on average, stable conditions over
the water during the day and unstable conditions at night.

For offshore flow for both stable (Rezt > 0) and unstable conditions
(Rezt < 0), the surface stress at the sea mast has typically decreased by
a factor of two compared to the land surface stress (30% decrease of friction
velocity, Figure 3a,b), and the offshore flow typica.lly accelerates 1-2 ms™!
~ over the fetch of a few kilometers. The exception is for small stress over land
and instability over the sea (Figure 3b), when the stress is sometimes greater
over the sea than over the land. Excluding these cases, the stress over the sea
is highly correlated with the stress at the landmast, in spite of some variation
of fetch and upstream land conditions. However, much of this correlation is
through the dependence of the stress on wind speed.

The characteristics of the offshore flow are more systematically related to
travel time than fetch in terms of the scatter in Figures 7, 8, 12 and 13 in the
following sections, suggesting that the flow is influenced by an internal decay

time scale. The turbulence may decay more near the surface where the travel
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time to the tower is longer (weaker wind near the surface) and the dissipation
time scale is shorter (smaller turbulent length scale near the surface). For
offshore flow, the travel times at the offshore mast generally range between
a few hundred seconds and about 600 seconds. The decay time of convective
turbulence can be estimated in terms of the ratio of the vertical length scale
of the turbulence divided by the velocity scale of the turbulence. Nieuwstadt
and Brost (1986) and Sorbjan (1997) provide specific formulations for the
case where the velocity scale is the free convection velocity and the length
scale is the depth of the convective mixed layer. Applying such a relationship
to the few RASEX cases with convective conditions over land predicts a
decay time scale on the “order” of ten minutes, which is consistent with the
observed variation of turbulence quantities with travel time in Sections 4 and
5. In contrast, existing formulations of the surface stress in offshore flow are
formulated in terms of a nondimensional fetch (Perrie and Toulany, 1990;
Vickers and Mahrt, 1997). More data is required before a new formulation

can be constructed in terms of travel time.
4. Upward buoyancy flux from the sea surface

We now analyze the flow of cool air over a warmer surface in terms of three
periods when the buoyancy flux at the surface exceeds 0.01 °Cms~! for more
than a half day (Table 1). All three cases are characterized by very weak
instability. The time-height cross-section (Figure 4) shows diurnal variation
with maximum upward buoyancy flux in the morning due to advection of
cool air from land. The vertical profiles are averaged over all of the one-hour
records for each of the three cases (Figure 5). The turbulence energy budget is

averaged over the same data. The residuals of the turbulence energy budgets
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(Figure 6) are reasonably small considering the possible substantial errors
in certain terms of the budget and omission of the pressure transport term
(Section 2.1). Error bars for the averaged profiles are not shown because
much of the variation within the averaging period is due to either diurnal
trend or other nonstationarity, rather than random variations. The analysis
in this section also considers statistics based on all of the individual one-hour

records within the entire field program when z/L < —0.1.

Table 1. CASE STUDIES. B.F. is the surface buoyancy flux (°Cms™?),
“travel” refers to the travel time in minutes and fetch is in kilometers. Case
I for the stable and unstable flows include time-height cross-sections of the

buoyancy flux (Figures 4 and 9).

case study Time (DOY) | travel | fetch | B.F. | wind ms™! || z/L
unstable-Ul | 291.9-293.0 |5 3 0.02 | 10 -0.10
unstable-UIIl | 289.25 - 290 35 18 0.03 |9 -0.11
unstable-UIII | 307.7 - 308.35 | 4.5 2.8 0.01 |10 -0.02
stable-SI 297.0-297.7 |5 2 -0.02 | 7 0.44
stable-SII 299.0-301.0 |6 2.8 [-0.01 (8 0.06
stable-SIII 303.15 - 303.25 | 5 2 -0.01 | 6.5 '0.11

4.1 Thick capping layer of downward buoyancy flux

In RASEX, offshore flow of cool air over warmer water for short travel

times (near-coastal zone) is generally characterized by a layer of upward
buoyancy flux capped by a relatively thick layer of downward buoyancy flux
(Case UI, Figure 5a and Case UIII, Figure 5¢), as also observed in Sun et

al., (1998) in flow of cool air over a warmer lake. The momentum flux in
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the overlying layer of downward buoyancy flux is comparable to that near
the surface. These characteristics contrast with the textbook picture of a
convective internal boundary layer where the layer of upward buoyancy flux
is capped by a thin entrainment zone of downward buoyancy flux and the
momentum flux decreases with height across the convective boundary layer.

The buoyancy-generation of turbulence energy is quite small compared
" to the shear-generation and dissipation (Figure 6). The horizontal advection
of turbulence energy is also small in the turbulence energy budget, at least
near the surface where it could be evaluated (Figure 6a, c). The horizon-
tal advection term is .a little larger for stable cases (Figure 11, Section 5).
Horizontal advection presumably becomes increasingly important at higher
levels and also shoreward of the seamast. The main effect of advection may
be through advection of temperature and stress. The advected stress in turn
enhances momentum transfer to the sea surface and subsequently enhances
wave growth compared to what would occur without advection of stress. The
importance of advection of stress is partly inferred from numerical studies,
which will be reported in a future publication.

For the two short fetch cases (near-coastal zone flow), the turbulent trans-
port term is positive near the surface (Figure 6), associated with convergence
of downward flux of turbulence energy (not shown). For the long fetch case
(outer coastal zone), the vertical flux term is negative near the surface corre-
sponding to traditional export of turbulence energy upward out of the surface
layer. '

In contrast to the short fetch cases, the flow in Case UII reaches the
tower after a relatively long fetch of 18 km and travel time of about 35
min. The offshore tower is now in the outer coastal zone with respect to

the flow direction. The flow is unstable at all levels and the momentum
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flux for Case UII (Figure 5b) is approximately constant with height, within
the uncertainty due to differences between different sonic anemometers. The
unstable internal boundary layer is deep compared to the tower layer because
of the longer'tra,vel time over the water. The buoyancy flux is small and
erratic for this case due to small air-sea temperature difference and the flux
shows no obvious trend with height.

To further examine the bulk vertical structure, consider the ratio of the
buoyancy flux in the upper part of the tower layer to that in the lower part of
the tower léyer (Eq. 3) for all of the records with upward surface buoyancy
flux when z/L < —0.1. The buoyancy flux ratio (Figure 7) for short offshore
travel times of less than ten minutes (near coastal zone) is generally less than
one, indicating that the internal boundary layer is shallow and the buoyancy
flux decreases significantly across the tower layer. In fact, the buoyancy flux
ratio is negative for a subset of the short fetch cases, as occurred in two of the
case studies. With negative values, the convective internal boundary layer is
so thin that the upper part of the tower layer is characterized by downward
buoyancy flux. The downward buoyancy flux occurs over a relatively thick
layer, which probably extends above the tower layer.

For travel times longer than 10 minutes (outer coastal zone), the buoyancy
ratio is always positive and is typically of order one with large scatter. That
is, the buoyancy flux decreases only slowly with height implying that the
internal boundary layer is deep compared to the tower layer.

The turbulent transport of turbulence energy (Figure 8) is often large up-
&ud for unstable cases with short travel time of less than 300s (near coastal
zone) where advection from land is most important. For stable offshore flow,

the pattern is quite different (next section).
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- 5. Downward buoyancy flux

Flow of warm air over a cooler surface is now analyzed in terms of three

case study- periods where the magnitude of the downward buoyancy flux

at the surface is greater than 0.01 °Cms™! for most of the episode. The
time-height cross-section for the buoyancy flux is shown for the case with
the largest sustained downward buoyancy flux (Figure 9), while the vertical
structure is averaged for all of the one-hour records in each of the three cases
(Figures 10a,b,d, 11 a-c). All three cases correspond to short fetch and short
travel time (Table 1). We will also analyze statistics based on all of the
individual one-hour records during the entire field program when z/L > 0.1.

For Case SI, the downward buoyancy flux at the sea surface is due to
advection of warm air from the heated land surface over the cooler water
and exhibits significant diurnal variation. In Cases SI and SII, the buoyancy
flux is weak downward in the lowest 20-30 m and then becomes generally

negligible at higher levels (Figures 9, 10a,d).
5.1 Elevated stress maximum

Above the thin surface layer of downward buoyancy flux, the stress and
vertical velocity variance are 20-60% larger than near the surface, as can be
determined from Figure 10 by squaring u. and o,,. The stress reaches a max-
imum in the upper part of the tower layer for Cases SI and SII (Figure 10a,c)
while the stress and turbulence energy slowly increase with height throughout
the tower layer for Case SIII, iﬁlplying maximum values above the tower (Fig-
ure 10d). For shorter periods, the stress near the surface may nearly collapse,

as occurred for the one-hour subperiod of Case SI (Figure 10b) where the
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measured stress and downward heat flux are essentially zero within measure-
ment error. The averaged vertical structure in Cases SI-SIII is quite different
from that in traditional stable boundary layers where the stress, buoyancy
flux and turbulence energy decrease monotonically with height (Caughey et
al., 1979; Lenschow et al., 1987; Sorbjan, 1988). In the present observations

of offshore flow, the elevated maxima of stress and turbulence energy are
. maintained by shear-generation and presumably augmented by advection of
- stronger turbulence from land (Section 5.2).

The stress convergence below the elevated stress maximum acts to accel-
erate the flow and may account for much of the observed flow acceleration
downstream from the coast. The observed vertical convergence of stress at
the sea mast, applied over the travel time from the coast, corresponds to an

acceleration of 0.5-1.0 ms~!.

The observed acceleration ranged from 0.8 -
1.3 ms™!. A rigorous assessment of the momentum budget is prevented by
inadequate assessment of the local horizontal pressure gradient.

The observed increase of stress with height does not appear to be related
to instrumentation differences. For long-fetch, near-neutral conditions, the
observed stress is essentially constant with height across the tower Iayer (or
decreases very slowly with height), as expected in non-advective traditional
boundary layers where the boundary layer is much deeper than the tower
layer. -

An elevated stress maximum is also observed by Glendening (personal
communication) in an LES model of flow from a rough surface to a smooth
surface with zero buoyancy flux. He used this elevated stress maximum to
define the top of the new internal boundary layer. The elevated maximum

was maintained by horizontal advection. Definition of the top of the internal

boundary layer in terms of a stress maximum contrasts sharply with defi-
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nition of the top of the internal boundary layer in terms of a minimum of
turbulence cited in the Introduction. The differences of the vertical structure
may be due to different relative position downstream from the surface change.
The present observations in offshore flow are short fetch (near-coastal zone)
and Mengelkamp (1991) finds that the minimum develops after a certain
distance offshore.

We now examine the ratio of stress in the upper part of the tower layer to
that in the lower parf of the tower layer (Eq. 2) for all of the one-hour records
where z/L > 0.1. The momentum flux ratio is often large for small travel
time, exceeding two in a significant fraction of the cases (Figure 12). These
values correspond to a rapid increase of stress with height. The momentum
flux ratio decreases rapidly with increasing travel time to values closer to
unity for travel times of ten minutes and longer, although the scatter is large.
For values near unity, the stress decreases slowly with height, implying that

the internal boundary layer is deep compared to the tower layer.

5.2 Downward transport of turbulence; upside-down boundary

layer

For Cases SI and SIII, the vertical turbulent transport of turbulence ki-
netic energy is significant downward (not shown), implying that the main
source of turbulent kinetic energy is elevated. This downward transport of
turbulence energy is consistent with the increase of turbulence and stress
with height, in contrast to the usual boundary layer. The downward trans-
port of turbulence kinetic energy leads to signiﬁca.nt vertical flux convergence
of turbulence energy at the lower levels (Figure 11). The turbulence near the

surface is therefore partly maintained by downward transport of turbulence
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energy. For Case SII, the height-dependence of the turbulent transport is
irregular. |
Cases of large elevated generation of turbulence and downward transport

will be referred to as ©

‘upside-down” boundary layers in recognition of the
top-down tfé.nsport of turbulence energy. In contrast to the classification in
Mahrt (1999), the upside—down boundary layer in the present offshore flow
occurs with relatively weak stability and is apparently partly maintained
by horizontal advection. The downward transport of turbulence toward the
surface may be augmented by the pressure transport term in the turbulence
kinetic energy equation (Smedman et al., 1995).

Considering all of the stable one-hour records, the vertical transport of
turbulence energy for short travel times is often large positive (Figure 13),
as also occurred in the unstable offshore flow cases. These larger values
~ are apparently associated with advection from land. In contrast to unsta-
ble conditions, the vertical transport of turbulence energy is sometimes large
downward for short travel times less than 300 s (Figure 13), again implying
that the strongest generation of turbulence is elevated in some stable offshore
flows in the near coastal zone. These cases of downward transport of turbu-
lence energy normally correspond to a.n} increase of stress with height (Figure
14, momentum flux ratio > 1). |

What generates the upside-down structure? Firstly, the shear-generation
term tends to increase with height (Figure 11) in contrast to the usual bound-
ary layer where it decreases rapidly with height. Secondly, the turbulence
advected horizontally from land in offshore flow is thought to decay more
slowly at higher levels where the turbulence length scale is larger and travel
time is shorter (stronger wind speed). The dissipation rate divided by the

turbulence energy decreases with height for both stable and unstable cases.
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Finally, the advection of stress is expected to increase with height. These

expectations are based on numerical simulations, to be reported in a separate

manuscript.
6. Conclusions

For the present data, weakly convective internal boundary layers in flow
of cooler air over warmer water are generally capped by a thick layer of
downward buoyancy flux in the near coastal zone. Here, the vertically inte-
grated buoyancy flux is small or even negative .a,nd the vertica.lly-integrated
turbulence is driven by shear—generation.

| ‘With advection of warm air over cooler water in the near coastal zone, the
vertical structure may be quite different than that expected from traditional
conceptual models of the internal boundary layer, even though the flow is
only modestly stable (z/L < 0.5). These cases most often occur in the
afternoon with flow of warm air from the heated land surface. In some cases,
the turbulence energy and stress increase with height, reaching an elevated
maximum, and the transport of turbulence energy is downward toward the
surface. We have referred to these cases as “upside-down boundary layers”.
The increase of stress with height appears to be maintained by horizontal
advection from land and shear-generation associated with accelerating flow
over the water. This upside-down structure was observed with travel times
less than 10 minutes (fetches generally less than 5 km), here referred to as

the near-coastal zone.
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Figure legends

Figure 1. Hypothesized two-layer structure for offshore flow. a) Flow of
warmer air over a cooler surface. The downward-pointing area indicates the
possibility of downward transport of turbulence energy. b) Flow of cooler air
over a warmer surface. c¢) Small air-sea temperature difference. The phase
speed of the wind driven waves (C,) increases in the offshore direction. The
values of offshore travel time for partitioning the near-coastal zone, outer '
coastal zone and near-equililbrium region are based on analyses in Section
4-5. Transitions are gradual and travel time values probably vary dramati-

cally between different situations.

Figure 2. Relationship of the stability z/L to tﬁe external Richardson
number (Eq. 4) for all of the short fetch one-hour records.

Figure 3. Relationship of the offshore friction velocity (ms™!) to the land-

mast value for unstable (a) and stable (b) conditions.

Figure 4. Time-height cross-section for unstable case UI for the buoy-
ancy flux (°Cms™1) where darker areas cofrespond to upward buoyancy flux.

Times are GMT which is one hour behind local solar time.
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Figure 5a-c. Vertical profiles of the friction velocity (ms™1), buoyancy

flux (°Cms™) and o, (m?s~?) for the three unstable cases.

Figure 6a-c. The turbulence energy budget (m?s™%) for the unstable
cases. A is the advection term, € the dissipation, S the shear-generation
term, F the vertical divergence of the flux of the turbulence energy, B the

buoyancy-generation term and R, the residual.

Figure 7. Buoyancy flux ratio (Eq. 3) as a function of travel time for all
of the unstable records (z/L < —0.1) .

Figure 8. The dependence of the vertical flux of turbulence energy (m®s~)
at 18 m on travel time for all of the one-hour records with fetch values less

than 5 km for unstable conditions (z/L < —0.1).

Figure 9. Time-height cross-section of the buoyancy flux (°Cms™1) for
stable case SI where lighter areas correspond to stronger downward buoyancy

flux. Times are GMT which is one hour behind local solar time.

Figure 10. Vertical profiles of the friction velocity (ms~!), buoyancy flux
(°Cms™) and o, (ms™!) for the three stable cases (a, ¢, d) and for a one-

hour subperiod during case SI where fluxes are very weak (panel b).

Figure 11. The turbulence energy budget (10~3m?s~3) for the three stable
Cases (a-c). A is the advection term, e the dissipation, S the shear- genera-
tion term, F the vertical divergence of the flux of the turbulence energy, B

the buoyancy-generation term and R, the residual.
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Figure 12. The stress ratio (Eq. 2) as a function of travel time for all of

the one-hour records with stable conditions (z/L > 0.1).

Figure 13. The dependence of the vertical flux of turbulence energy
(m®s73) at 18 m on travel time for all of the one-hour records with sta-
ble conditions (z/L > 0.1).

Figure 14. The relationship between the turbulence energy flux (m3s™3)
at 18 m and the momentum flux ratio for stable conditions based on bin-
averaged values computed from the one-hour records. Also shown are stan-

dard error bars.
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Figure 1. Hypothesized two-layer structure for offshore flow. a) Flow of warmer
air over a cooler surface. The downward-pointing arrow indicates the possibility
of downward transport of turbulence energy. b) Flow of cooler air over a warmer
surface. c) Small air-sea temperature difference. The phase speed of the wind-
driven waves (C,) increases in the offshore direction. The values of offshore
travel time for partitioning the near-coastal zone, outer coastal zone and near-
equilibrium region are based on analyses in Section 4-5. Transitions are gradual
and travel time values probably vary dramatically between different situations.
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Figure 2. Relationship of the sta.bility z[L to the external Richardson
number (Eq. 4) for all of the short fetch one-hour records.
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Figure 4. Time-height cross-section for unstable case Ul for the buoy-

ancy flux (°Cms™1) where darker areas correspond to upward buoyancy flux.

Times are GMT which is one hour behind local solar time.
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Figure 7. Buoyancy flux ratio (Eq. 3) as a function of travel time for all
of the unstable records (z/L < —0.1) .
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flux. Times are GMT which is one hour behind local solar time.
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Figure 12. The stress ratio (Eq. 2) as a function of travel time for all of

the one-hour records with stable conditions (z/L > 0.1).
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10.1 Introduction

The coastal zone is of considerable practical importance since it is a region of intensive
human activity and rich in biological activity, compared to the open ocean. At the same
time, the spatial variation of the atmospheric surface flow and the surface wave field are
complex and both are often in nonequilbrium. Formulations of surface stress must
include the influence of developing wave state and shoaling (Section 3). Growing waves
occur with offshore flow and with time-varying wind fields, often induced by diurnal
variation. of the heat flux discontinuity at the coastal interface (Section 5). Current
formulations of the surface flux may perform poorly in developing internal boundary
layers in offshore flow (Section 4). Difficulties with formulation of surface fluxes in the
coastal zone is a major topic of this chapter (Sections 2-3). Offshore flow must adjust to
smaller surface roughness and different surface heat flux over the sea. The modelling
problem is particularly difficult with offshore flow of warm air over a cool water
surface (Section 4). The development of stratus and other cloud regimes in the coastal
zone is beyond the scope of this survey. This chapter will assume familiarity with
previous reviews found in Donelan (1990) and Geernaert (1990).

10.2 Formulation of surface fluxes

The surface stress, heat flux and moisture flux are formulated through the bulk
formulas:

(wu2+wvylZ_ ¢ (10-1)

G.L. Geernaert (ed.), Air-Sea Exchange: Physics, Chemistry and Dynamics, 247-267.
© 1999 Kluwer Academic Publishers. Printed in the Netherlands.
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w8 = Cyil 00— (10-2)

;rq-r= Cql g0—9) (10-3)

where C, is the drag coefficient, C, is the transfer coefficient for heat, C, is the transfer

coefficient for moisture, z is the observational height, 6, and g, are surface aerodynamic
values of the potential temperature and specific humidity, to be defined below, and ¥ is

the speed of the vector averaged wind where the x-coordinate has been rotated into the
direction of the mean wind. Similar bulk formulations can be written for turbulent
transfer of other scalars although definition of the aerodynamic surface quantities
becomes problematic (Sun et al. 1998a). Numerous variations of the bulk formula are
used where the vector averaged speed is replaced by the averaged- instantaneous speed,
the total stress is replaced by the stress in the along-wind direction, or the current
velocity is removed from the wind (see Mahrt et al. 1998). Since the stress, wind and
wave propagation directions may be systematically different (Geernaert 1990; Rieder et
al. 1994; Rieder 1996), omission of the cross wind stress seemnis inadvisable even though
this component can be characterized by large flux sampling errors.

In the case of weak winds, the precise definition of the velocity used in the bulk
formula becomes important. This velocity scale has been generalized to include the
influence of "large convective eddies" (Beljaars 1995; Fairall et al. 1996; Grachev et al.
1998) or mesoscale motions which are on smaller scales than the spatial or
grid-averaging scale (Mahrt, Sun 1995; Vickers, Esbensen 1998). Resolving this
problem is made difficult by severe flux sampling errors in the weak wind case (Mahrt
et al. 1996) which can be reduced only with long stationary records. With weak winds
and swell, the momentum flux may even be transported from the waves to the
atmosphere (e.g. Smedman et al. 1994). .

The simplest formulation of the surface stress specifies the neutral drag coefficient
to be constant or a function of wind speed but independent of wave state (see studies
surveyed in Geernaert, 1990). The transfer coefficient for heat is often specified to be
constant where 6, is equated to the surface radiation surface temperature of the water or
the near-surface water temperature and g, is specified to be the saturation specific

humidity evaluated at the value of the surface temperature. The appealing simplicity of

this approach meets the demand of economy required in some large scale models.
However, in the coastal zone, stability strongly influences the transfer coefficients.

One might expect stability -z/L to be smaller over water than over land since surface

heat fluxes are typically smaller over water than over land, where L is the Obukhov

length

L= ui | (10-4)

—
Kz(g/0v)w Oy

where u, is the surface friction velocity (square root of the surface stress magnitude) and

K is the von Karman constant. However, the shear stress is also weaker over the sea than
over land due to small surface roughness so that the stability -z/L can significantly
influence the transfer coefficients even without strong surface buoyancy flux. As a

41




result, stability may strongly influence the flux-gradient relationship in the coastal zone.

To include the influence of stability on the drag coefficient and transfer coefficients,

Monin-Obukhov similarity theory (Monin, Obukhov 1954) is applied by either:

1) using similarity theory to reduce the drag and transfer coefficients to their equivalent
neutral values (Section 10.2.2) and relating the neutral values to the wind speed and
wave state or :

2) explicitly applying Monin-Obukhov similarity theory and relating the roughness
length to wave state (Section 10.3.2). -

10.2.1 MONIN-OBUKHOV SIMILARITY THEORY

Monin-Obukhov similarity theory provides a model for the flux-gradient relationship in
the surface layer, above the wave boundary layer (Figure 10.1). In the surface layer, the
flux-gradient relationship is assumed to be independent of the wave state and a
universal function of only /L. This flux-gradient relationship is posed in terms of the
nondimensional vertical gradient '

ny P (zue) (10-5)
w6 (2)
om(2/L) = (a'l't'/az) (x2) (10-6)
Us .

which have been empirically fitted to dependencies on z/L (Hogstrom 1988). The
nondimensional gradient ¢ can be interpreted as the inverse of the mixing efficiency.
The transfer of moisture and other scalars are often assumed to follow the same
dependence as that for heat. This interpretive survey will concentrate on transfer of heat
and momentum as examples. ' i

- The surface drag coefficient and transfer coefficient for heat are estimated by
vertically integrating the ¢ functions downward to the surface roughness lengths in
which case one can derive:

- X 2 10-7)

Ca=1 In(z/z0) — ‘l’m] (

_ X I X ] (10-8)
In(2/z0) ~ Wm™ " In(zlz,p) -,

Ch

where z, and z,, are the roughness lengths for momentum and heat, respectively, and y
and v, are the integrated analytical forms of the nondimensional gradients for
momentum and heat, ¢, (Z/L) and ¢, (Z/L). This vertical integration (Paulson, 1970)
requires that the fluxes and the wind direction are approximately independent of height
and requires additional mathematical approximations (Enriquez, Friehe 1997). The
nondimensional vertical gradients, ¢_ (z/L) and ¢, (L), have not been extensively
evaluated over the sea. Recently, Hgjstrup (1998) found that for onshore flow in the
Coastal zone, the land-based stability dependence for ¢, (Z/L) approximated the observed
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values of ¢_ although the scatter was large. Conflicting evidence is noted in the next
subsection. :

Note that Monin-Obukhov similarity theory does not describe the. actual
flux-gradient relationship below the surface layer in the wave boundary layer. The
extrapolated wind profile described by similarity theory vanishes at the roughness
height z, instead of at the surface. As a result, the extrapolated and actual wind profiles
in the wave boundary layer are not expected to be the same. The extrapolated profile of
potential temperature is also expected to be different from the actual profile in the wave
boundary layer, and reaches the “aerodynamic” surface temperature at the roughness
height for heat, z,,. Both the aerodynamic surface temperature 6, and z,, are unknown.
Specifying 6, to be the surface radiation temperature or near-surface water temperature
redefines the roughness height for heat z,. Over the open ocean, the thermal roughness
height is normally related to the roughness length for momentum (Lui et al. 1979). In
~ the coastal zone, Mahrt et al. (1998) find little relationship between z,, and z, where
z,, appears to be strongly influenced by development of internal boundary layers while
z, is more influenced by wave state. Both the physical meaning of the roughness height
for heat and its dependence on other parameters remain elusive, especially in the coastal
zone.
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Figure 10.1 Idealized layering of the lower boundary layer. Using 10 m as a reference height, the

) first scenario shows the ideal case where Monin-Obukhov similarity theory applies. In
the second example, the reference level is in the wave boundary layer and wave length
scales are required to describe the local flux-gradient relationship. In the third example,
the reference level is above the surface layer and bulk boundary-layer scaling is
required. In the fourth example, the influence of the boundary-layer depth extends
downward to the wave boundary layer and the conditions for Monin-Obukhov similarity
theory are not met at any level. s

10.2.2 REDUCING TO NEUTRAL

To eliminate the influence of stability, the drag coefficient and transfer coefficients are
sometimes reduced to their neutral values (Deardorff 1968). This procedure attempts to
eliminate the influence of stability so that the neutral drag and transfer coefficients can
be studied as a function of wave state and wind speed. The reduction of the transfer
coefficient to neutral conditions using Monin-Obukhov similarity theory must impose
restrictions on the roughness length such as Charnock's relationship with constant
coefficient (Geernaert, Katsaros 1986; Geernaert 1990). Smith (1980, Figure 13),
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Geernaert (1988) and Mahrt et al. (1996) find that the reduction of the drag coefficient
to neutral values does not completely remove the influence of stability although it is not

clear if the stability functions ¢_(z/L) and ¢.(sz) themselves are incorrect, measurement
errors are large or influences not included in the Obukhov length are large.

10.2.3 WAVE BOUNDARY LAYER

The wave boundary layer is the layer adjacent to the wave surface, but above the very
thin laminar sublayer at the surface (Figure 10.1). In the wave boundary layer, part of
the atmospheric transportmg motions are directly induced by the waves and associated
perturbation pressure field in the air (Chalikov, Belevich 1993; Hare et al. 1997). The
depth of the wave boundary layer is thought to scale with the surface wavelength
(Chalikov, Belevich 1993). Multiple wave boundary layers associated with wind driven
waves and swell may coexist. However, the transport by eddies in phase with the swell
may be small since the swell are characterized by small slopes. In the wave boundary
layer, Monin-Obukhov similarity theory does not describe the local flux-gradient
relationship which depends partly on the amplitude and wavelength of the dominant
surface wave (Large et al. 1995). Apparently, the profile functions, ¢, and ¢, depend on
2/A as well as ZL (or equivalently z/L and A/L ) where A is a dominant wave dimension,
either wave length or wave height. -

Consequently, Monin-Obukhov similarity theory must be applied in the surface
layer above the wave boundary layer, along with specified roughness lengths, in order
to predict the surface fluxes. Analogously, over land, Monin-Obukhov similarity must
be applied in the surface layer above the roughness sublayer to predict surface fluxes.
Egs. (10-1)-(10-2) correctly predict surfaces fluxes using Monin-Obukhov similarity
theory for the drag and transfer coefficients (Eqs. (10-7)-(10-8)) only if the roughness
_ lengths can be appropriately specified.

There are two fundamental differences between the flux-gradient relationship over the

sea and that over land: :

1) In the roughness sublayer over land, the time-averaged flow may vary horizontally on
the scale of the roughness elements due to semi-stationary pressure perturbations
anchored to individual roughness elements. Over the sea, the roughness elements
(surface waves) propagate so that such microscale spatial variability of the
time-averaged flow does not normally exist.

2) Over the sea, the roughness length for momentum varies substantially with wave
state. Over land, z, is normally considered to be independent of time for a given wind
direction.

However, there is no obvious reason why these differences would reduce the
applicability of Monin-Obukhov similarity theory over the sea, provided that the
appropriate surface roughness lengths can be specified in a reasonably simple fashion.
In fact, Monin-Obukhov similarity theory is more likely less applicable over land where
the required assumption of homogeneity is normally violated to some degree. Even over
apparently homogeneous land surfaces, microscale variations of soil moisture can
influence local eddy structure. Nonetheless, there are special processes in the coastal
zone which violate assumptions required for Monin-Obukhov similarity theory.
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10.2.4 THEORY BREAKDOWN IN THE COASTAL ZONE

Existing similarity theory may break down in the coastal zone due to the following

influences: :

1. Strong horizontal advection. leads to significant vertical divergence of the flux. For
example with steady-state temperature advection, 798/3x ~ — 9w 8 /3z- Then the
assumption of height-independent fluxes is not a good approximation and the vertical
integration of the nondimensional gradients, ¢, to obtain the stability corrections for
the transfer coefficients, y (Egs. (10-7)-(10-8)), is not valid.

2. If the flux decreases to small values at the top of the thin internal boundary layers in
offshore flow, then the vertical divergence of the flux is large. As a result, standard
observational levels, such as 10 m, may be above the thin surface layer where one can
neglect the height-dependence of the flux (Figure 10.1). The depth of the surface
layer is bounded by some small fraction of the boundary-layer depth, sometimes
chosen as 10%, such that the height-dependence of the flux can be neglected in the
surface layer. For example, in an internal boundary layer of 50 m depth, the surface
layer would theoretically be less than 5 m depth. Note that influences 1) and 2) are
not independent.

3. With offshore flow of warm air over cold water, the turbulence may be a top-down
process where the primary source of turbulence is above the surface inversion

. (Section 10.4.2). It is not clear if Monin-Obukhov similarity theory is valid in this
"upside-down boundary layer".

4. The turbulence in offshore flow does not establish equilibrium with the rapidly
evolving mean flow immediately downstream from the coast.

5. With cold (warm) air advection in offshore flow, the wind vector tends to rotate to the
right (left) with height and the surface stress vector is directed to the right (left) of the
surface wind vector (Geernaert 1988). Integration-of Monin-Obukhov similarity
theory assumes that the wind and stress vectors are aligned and their
height-dependence can be neglected. _

6. Itmay be that Monin-Obukhov similarity theory is valid but the stability functions, ¢,_
and ¢,, are not correctly calibrated.

If the internal boundary layer is sufficiently thin, yet the wave boundary layer is deep
(large surface wavelength), the surface layer may be “squeezed out" as postulated by
Mahrt et al. (1998) and shown in Figure 10.1 (right hand side). That is, there is no layer
where the flux-gradient relationship depends only on z/L and the influence of
boundary-layer depth, h, and surface wave dimension A must be included as additional
scaling variables. Grant (1992) suggests that ¢(z/L) for the near neutral boundary layer
should be generalized to be of the form ¢(z/h, h/L, u.fh) where fis the Coriolis
parameter. Khanna and Brasseur (1997) consider the form ¢(z/L, H/L). In the LES
results of Khanna and Brasseur (1997), the nondimensional shear decreases above the
surface layer, as is also observed by Smedman and Johannson (1997) in shallow
offshore boundary layers. With a well-mixed interior of the boundary layer, the vertical
gradient decreases faster with height than the flux. Mahrt et al. (1998) find that the thin
depth of observed offshore internal boundary layers suppresses heat transfer by the large
convective eddies which in turn implies that ¢,is larger than predicted by
Monin-Obukhov similarity theory and depends on z/A.
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Davidson (1974) found that y, and the drag coefficient are both a function of
stability and wave age and that these dependencies are difficult to sort out since the
wave age and stability were significantly correlated for their data. Bergstrom and
Smedman (1995) examined the functional dependence ¢, (ZL, C/u.) but found that the
relationship to wave state was statistically insignificant, although they note that their
data represents a relatively narrow range of conditions. Here, C, is the phase speed of
the dominant wave.

Since for offshore flow, there may be no level where ¢,. is a function of only /L, it is
useful to consider a more general formulation such as

_ (31 32) ( x2) (109)

Om - = f(z/L, zI\, Cplu «,z/h)

Note that the arguments z/L, Z/A, C/u., dh are not independent. Large et al. (1995)
prefer to partition the nondimensional shear into two functions, the traditional 6.
(/L) and a modifying function X(&/A), as also pursued by Vickers and Mahrt (1998).
Specific forms of Eq. (10-9) based on actual eddy correlation data have not been
established. _

‘Monin-Obukhov similarity theory is also complicated by the possible dependence of
the von Karmen "constant” on the roughness Reynolds number, Re, defined as u, z/v.
Generally, x(Re*) is found to decrease with increasing roughness Reynolds number
(Tennekes, 1968). With this possibility, evaluation of ¢.(z/L) from data using Eq. (10-6)
results in two unknowns, kx(Re,) and ¢.(ZL). Oncley et al. (1996), Miller et al. (1997)
and others eliminate ¢.(ZL) as an unknown by considering near neutral cases and
assuming ¢, (z/L) =1. Then, x(Re,) is estimated as

Us
Re.) = - | (10-10)
K(Res) z0u/9z : :

Since both Re, and z/L depend on u., their dependencies are difficult to isolate from -
data. For example, failure to include the dependence k(Re.), if important, would alter
the value of ¢_(z/L) computed from data. Conversely, if influences of z/L are not
completely negligible, such influences could create an artificial dependence of k on the
roughness Reynolds number. The problem becomes even more complex if the
nondimensional shear is dependent on wave age (Eq. (10-9) since the wave age also
depends on u..

10.3 Wave state

In the coastal zone, the stress is influenced by shoaling processes and wave breaking as
waves propagate into shallow water (Smith 1980; Freilich et al. 1990). For waves
propagating toward the shore, wave modification first occurs when the depth of the
water shallows to be about 1/4 of the dominate wavelength. At this point, the wave
amplitude begins to increase, the wavelength and propagation speed begin to decrease
and the spectral characteristics change. Closer to the shore where the depth becomes
less than one wave height, dramatic wave steepening and breaking occur (Thornton,
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Guza 1982, 1983; Holman, Sallenger 1985; Holland et al. 1995). Irregularities of the
bottom topography along the coast and wave refraction lead to irregularities in the

~ surface wave field along the coast (Munk, Traylor 1947).

Information on wave state is necessary for modelling surface stress in the coastal
zone. This information is included at three levels of approximation: 1) relating the drag
coefficient or roughness length to the wave age is the most common approach (Section
10.3.1), 2) relating the stress to different frequency bands of the wave field, such as
swell and wind-driven modes, is more complete but requires more information on the
wave field (Section 10.3.2) and 3) modelling the wave age in terms of fetch is less
accurate but is useful when explicit information on wave state is not available (Section
10.3.3). :

10.3.1 WAVE AGE DEPENDENCE

With offshore flow, the wind driven waves are growing in the downstream direction
which become evident seaward of the inner shoaling zone. A number of investigators
have documented that the stress is greater over a young and developing wave field than
over an older wave field, which is in near-equilibrium with the wind field (¢.g. Donelan
1990; Kitaigorodskii 1973; Nordeng 1991; Geernaert et al. 1987, 1988; Donelan 1990;
Maat et al 1991). At least two mechanisms contribute to the dependence of stress on
wave age: 1) younger waves propagate with slower phase speed relative to the wind and
thus provide greater bulk shear, and 2) younger growing waves may be steeper, which
can lead to enhanced flow separation from individual wave crests. Younger developing
waves occur with changing wind vector as well as with fetch limited off-shore flow.

Previous studies suggest that the drag coefficient is a maximum for a wave age of 10
(Nordeng 1991) and 7 (Geernaert, Smith 1996). Kitaigorodskii et al. (1995) similarly
find maximum roughness length at an intermediate wave age. In the absence of swell
(inland seas), the drag cocfficient may be immeasurably small immediately downstream
from the shore where waves have not yet developed or are very small amplitude. The
subsequent wave growth in the downstream direction leads to larger stress, as sketched
in Figure 10.2. The wave growth in the downwind direction can be further enhanced by
acceleration of the offshore wind resulting from the smaller surface roughness over the
sea than over land. However, at some point, the increasing phase speed of the waves
and resulting reduction of the relative flow of the wind over the waves becomes more
important than the effect of increasing wave amplitude and any increase of slope. Then
the stress and drag coefficient begin to decrease further downstream. Consequently, the
drag coefficient reaches a maximum at an intermediate wave age and decreases with
further increase of wave age. Similar effects appear in the model of Hansen and Larsen
(1997) where the Charnock constant reaches a maximum at a wave age of about 5. Most
observations occur at wave ages greater than this intermediate wave age so that the drag
coefficient is generally considered to decrease with increasing wave age, as in the
studies surveyed below.

Vickers and Mahrt (1997) find that onshore flow with shoaling, can also occur with
small values of the wave age. The shoaling reduces the wave phase speed and decreases
the numerical value of the wave age. Consequently, shoaling complicates the physical
interpretation of wave age in the coastal zone. The corresponding drag coefficient may
increase by more than 50% with such shoaling. As a result, Kitaigorodskii et al. (1995)
related the momentum roughness length to wave breaking characteristics. Mahrt et al.
(1998) found no detectable increase in the transfer coefficients for heat and moisture
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with wave breaking. Relative insensitivity of the transfer coéfficients for heat and
moisture to wave state and wind speed was also found in Smith (1980), Makin and
Mastenbroek (1996) and references therein.

Since the stress appears to be relat¢d to the relative flow of the air with respect to the
phase speed of the dominate waves (Kitaigorodskii 1973), one is tempted to re-define
the drag coefficient in terms of the relative flow Z-Cp where C, is ideally the

component of the phase speed of the dominant wave in the wind direction. However,
the stress does not necessarily vanish as - Cp approaches zero, since waves with

frequencies different from the dominant wave contribute to the stress and propagate
with different phase velocities. For example, with mature waves, much of the stress is
thought to be associated with capillary waves and therefore not related to the phase
speed of the dominant waves. As a result of the stress fic m capillary waves, the
alternate drag coefficient, defined as the ratio of the stress to - Cp, approaches infinity

as 7 - C, approaches zero.

However the traditional drag coefficient computed from (Eq. (10.1)) may be better
related to 7- Cpthan % alone. To examine this problem, we computed the drag

coefficient from eddy correlation data collected at a tower 2 km off the Danish coast in
the Risg Air Sea Experiment (RASEX, Barthelmie 1994; Hgjstrup et al. 1994; Mahrt et
al. 1996). The. drag coefficient reaches a minimum value near 7 — Cp=0m/s and a

regression model of the drag coefficient based on 77— C, explains moré variance than
that based on #. However, the drag coefficient is more closely related to wave age than

%~ Cp probably because wave age implicitly accounts for the relative flow over the

waves as well as implicitly includes the effect of wave amplitude and steepness.
Geernaert et al. (1987) proposed a model of the 'dependence of the neutral drag
coefficient on wave age of the form

Can=b(Cplus) ™23 | (10-11)

where bis on the order of 10 Vickers and Mahrt (1997) found that this model
performed well in the coastal zone even after accounting for the role of self-correlation. _
They found that -2/3 was indeed the best fit to the exponent while the best fit value of
b was approximately 7 x10°, _

The drag coefficient can also be computed directly from Monin-Obukhov similarity
theory in which case the roughness length is a function of wave state. The Charnock
(1955) prediction of the roughness length, 0.019 ( .2/ 8), is often generalized to include
a dependence on inverse wave age (Toba, Koga 1986; Maat et al. 1991; Donelan 1990;
Smith et al. 1992). If we also incorporate the smooth flow contribution to the roughness
length (Donelan 1990; Fairall et al. 1996), then the full relationship is of the form

o= K (% /g) (u+/Cp)P +0.11v/u. (10-12)
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Figure 10.2 Plausible schematic evolution of the intemal boundary layer for unstable and very stable
offshore flows. In the unstable case, the x-axis can also be qualitatively interpreted as the
downstream distance. . :
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where typically K =0.48 and p =1 (Smith et al. 1992), and v is the viscosity of air. Wu
(1968) suggested an additional term due to parameterized surface tension which was
recently applied in Alam and Curry (1997).

Alternatively, the model of Kitaigorodskii (1970) is of the form,

Zo= KGCXP(‘I—IKCP_/ut) - (10-13)

where K = 0.3, ¢ is the root mean square amplitude of the waves and x is von Karman's
constant. The Kitaigorodskii representation follows from explicitly including the shear
between the wind and the wave velocity and integrating over the full wave spectrum.
A significant fraction of the variance explained by these models is due to
~ self-correlation since the drag coefficient and roughness length are both defined in
terms of the surface friction velocity and are both formulated in terms of the surface
friction velocity on the right hand sides of Egs. (10-11)-(10-13) (e.g. Smith et al. 1992;
Vickers, Mahrt 1997). To avoid self-correlation, the wave age is sometimes expressed
in terms of Cp/@ where is the wind speed at a standard level or at a fixed height

relative to the surface wavelength (Donelan 1990).

The roughness length is sometimes related to other characteristics of the wave field.
For example, Anctil and Donelan (1996) relate the spatial variation of the roughness
length in the shoaling zone to the wave age, root mean squared displacement height of
the waves and root mean square wave slope. Kitaigorodskii et al. (1995) relate the.
roughness length to the effective wave height.

10.3.2 MULTI-MODE MODELS

The need for models based on multiple wave modes is motivated by the fact that the
wind driven waves and swell often propagate in different directions. The swell modifies
the stress direction so that it may be different from the wind direction (Geernaert et al.
1995). A family of parameterizations of the roughness length as a weighted integral of
the wave spectra have been formed from the original framework of Kitaigorodskii
(1973) as in Hansen and Larsen (1997). See also Chalikov and Belevich (1993) and
papers surveyed in Geernaert (1990). Kitaigorodskii et al. (1995) focus on the width of
the wave dissipation regime in an effort to understand the variability of surface
roughness. The most complete description of the wave field can be obtained from
explicit wave models such as the "WAM" model (WAMDI group, 1988). The
advantage of relating the surface roughness to the wave spectra avoids the
parameterized coupling between the surface roughness and with the wind field or stress
field itself that occurs with the approaches in the preceding section. At the same time,
complete information on the full wave spectra is normally not available.

Simplified models which allow some information of differences between wave
modes include the two band model of Donelan (1982) which distinguishes between the
drag associated with short and long waves. Vickers and Mahrt (1997) develop a crude
indicator of the wave state based on that band width of the spectra which accounts for
50% of the wave energy. Narrow band spectra are associated with near-equilibrium
single mode waves and smaller drag coefficient while broad band spectra are more
associated with multi-peaked spectra, confused seas and/or non-equilibrium wave state,
all leading to larger drag coefficients.
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10.3.3 FETCH DEPENDENT MODEL S

For many applications, the wave phase speed and wave age are not known. As an
alternative simpler approach, the inverse wave age can be parameterized in terms of
either F., based on the friction velocity (Perrie, Toulany 1990, Geernaert, Smith 1996),
or F,, based on the 10 m wind speed. These parameterizations are of the form:

(10-14)

a
Uxl Cp = Wo + ;‘:
U ICp=Wo +— (10-15)
Fy
where based on dimensional arguments:
X 1 10-16
Fa=( __) ( )
u%
gX ‘ 10-17
Fu=(—) 3 ( )
: U _

Here X is the upwind fetch distance and w, and a are determined empirically. Eq. (10-
'14) explains more variance than Eq. (10—15) but is characterized by self-correlation.
Vickers and Mahrt (1997) find that Eq. (10-15) is a reasonable approximation for
offshore flow in the coastal zene flow, although errors are larger compared to
formulations based on wave state information.

Direct relationship of the roughness length to the fetch can be found in Geernaert
(1988b). More complete models first describe the dependence of the wave field on fetch
and then link the drag to the fetch-dependent wave field (Geernaert 1990).

10.4 Internal boundary layers

With any wind component perpendicular to the coast, internal boundary layers form due
to the temperature and surface roughness contrast between the water and land surfaces.
The internal boundary layer is the layer of air adjacent to the surface which is
influenced by the new surface (e.g. Garratt 1990).

10.4.1 UNSTABLE CASE

With offshore flow of cold air over warmer water, a convectively driven internal
boundary layer forms in response to the upward buoyancy flux over the water. This
layer thickens in the downstream direction (Figure 10.2). These internal boundary layers
are sometimes found to be well defined by a sharp change of properties between the
convectively driven turbulence and fluid, at least in terms of instantaneous observations
(Raynor et al. 1979; Sun et al. 1998b). It is not known if such sharply defined tops of
the internal boundary layer are normal nor is it known if the internal boundary layer top
for time-averaged flow is thick due to vacillation of the boundary-layer top.
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Figure 10.3 shows the averaged vertical structure for a nine-hour period of
stationary offshore advection of cold air observed in RASEX (Section 10.3.1). Several
features occur in Figure 10.3 which are not typical of the "textbook" unstable internal
boundary layer:

1) For the averaged flow, the "entrainment zone" with downward heat flux is thicker
than the convective layer of upward buoyancy flux.

2) The total buoyancy-destruction of turbulence in the entrainment zone is greater than
the buoyancy-generation of turbulence in the surface-based convective layer.
Therefore, turbulence near the top of the internal boundary layer must be maintained
by local shear-generation, as observed in Sun et al. (1998b). '

3) The turbulence and stress are 2 maximum near the top of the convective layer.

4) The mean shear increases with height corresponding to convex curvature. This
curvature implies inflection points near the surface and somewhere above the 45 m

tower layer.
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Figure 10.3 The 5-hour averaged vertical structure of relative stationary offshore flow of cool air over
warmer water observed in RASEX. Fluxes are based on perturbations from a 10-minute
simple mean.
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Is this structure unique to these data or does the traditional concept of internal boundary
layers not apply immediately downstream from the coast? The RASEX data set is the
first data set with detailed vertical resolution of the time-averaged structure in offshore
flow. L ‘

Killstrand and Smedman (1997) compare various models of growth of the internal
boundary layet against aircraft data collected in a developing internal boundary layer
over land with onshore flow. Although most of the models have been developed for the
unstable internal boundary layer over land (e.g., Melas, Kambezidis 1992; Gryning,
Batchevarova 1990), they should in principal dpply over the sea in the coastal zone. The
internal boundary layer is traditionally modelled on two separate scales (Garratt 1990):
small scales on the order of a kilometer or less and the mesoscale on a horizontal scale
of tens of kilometers or more. On the scale of a kilometer or less, the heated internal
boundary layer entrains upward through the old boundary layer (Vugts, Businger 1977).
On this scale, the initial growth rate of the convective internal boundary layer is thought
to be linearly proportional to the strength of the turbulence in the convective internal
boundary layer such that (Hgstrup 1981; Brutsaert 1982; Garratt 1990)

dhypy, oo (10-18)

——— —

dx U

where hy, is the depth of the internal boundary layer and o, is the standard deviation of
the turbulent fluctuations of vertical velocity, often parameterized in terms of the
surface friction velocity and the convective velocity scale. The wind speed Uis
evaluated at the top of the internal boundary layer. Since stratification of the overlying
fluid is neglected, no additional velocity scales are included. The value of C is thought
to be order of unity (Mahrt 1996). . »

Some investigators have formulated analytical expressions for the small scale
growth of the internal boundary