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Summary
Two-dimensional numerical simulations of sea breeze development over a large sandbar
on the North Sea coast of Germany are reported. The numerical model used in these
experiments contains a detailed treatment of soil moisture, which allows evaluation of
the effects of differential surface characteristics on the airflow pattern. Results of the
simulations indicate that the contrast between the moist sandbar and adjacent dry land,
the tidal inundation of the sandbar, and the westward penetration of the Baltic sea breeze
play important roles in the development of mesoscale airflow patterns in the sandbar
region.

Zusammenfassung
Eine numerische Studie des Einflusses einer groBen Sandbank auf die Entwicklung ,
del Seebrise

Die zweidimensionale, numerische Simulierung del Seebrisenentwicklung tibeT einer
gro~en Sandbank an del Nordseektiste DeutscWands wild beschrieben. Das hier ange-
wandie Modell enthiilt erne detaillierte Behandlung del Bodenfeuchte, welche erne
Auswertung des Effektes differenzierter Oberflachencharakteristika auf die Luftstro-
mung erlaubt. Rechnungsresultate zeigen, d~ del Kontrast zwischen Sandbank und
benachbartem, trockenem Land, die gezeitenbewirkte Vberflutung del Sandbank und
die nach Osten vorrtickende Seebrise del Ostsee erne wichtige Rolle in del Entwicklung
van mesoskalaren Stromungsverteilungen im Gebiet del Sandbank spielen.

I. Introduction

Along the North Sea coast of Gennany there exist extensive areas of sand
which are inundated at high tide, and which are above water at low tide.
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These sandbars are depicted by the shaded areas shown on the map in
Fig. 1.
As these sandbars extend up to fifteen to twenty kilometers out into the
sea, their inundation might be expected to exert a major effect on the
local airflow in this area. Sea-breeze circulations are generated by land-
water surface temperature contrasts. Tidal inundation (or recession) pro-
duces a significant horizontal displacement of the zone of maximum surface
temperature contrast, to which the atmosphere must respond. Though the
transition is strongly dependent on the local top'ography of the sandbars
the inundation takes place on a time scale of one hour.
When the sandbar is above water, the difference in surface heating between
the moist sand and the drier soil at adjacent inland locations is expected to
also affect the local airflow pattern.
To our knowledge, the effects of sandbars on atmospheric airflows have not
heretofore been studied!. In this introductory study, we utilize two-
dimensional mesoscale numerical simulations to assess the response of the
atmosphere to a large sandbar of uniform composition. However, we are
aware that the morphology of this coastal region [11] is more complex.
The resulting parameterization of friction and moisture flux is therefore
only approximate.
The numerical model utilized in this study is a two-dimensional form of a
primitive-equation, hydrostatic incompressible model originally developed
by Pielke [9] for the study of sea breezes in south Florida. The model in-
cludes a surface heat budget [10] and a treatment of soil moisture effects
[5]. This model appears to be well suited to the study of airflows generated
by differential surface heating.

2. 

Model Description

The basic equations for the numerical model are given in Mahrer ana
Pielke [3], along with a detailed description of the treatments of the atmo-
spheric surface layer, planetary boundary layer, and radiative fluxes. The
fluxes of momentum, heat, and moisture in the atmospheric surface. layer
are parameterized according to Businger [I]. The height of the planetary
boundary layer is determined from a prognostic equation proposed by
Deardorff [2]. Turbulent exchange co~fficients are computed according
to the method of a' Brien [6], based on the surface layer fluxes and the
planetary boundary layer (PBL) height.
At land locations a surface heat balance equation is solved iteratively for
surface temperature in each grid column as described by Mahrer and
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The influence of wet ground juxtaposed against dry ground, however, has been

sumulated for several selected cases (e.g. see [7]).
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Fig. 1. The North Sea coast of Germany. The sandbar areas are shaded

Pielke [3]. This equation imposes a balance among (I) the net fluxes of
short and long-wave radiation; (2) the turbulent atmospheric fluxes of
sensible and latent heat above the air-soil interface; and (3) the flux of
heat into the soil below the interface. A one-dimensional diffusion equation
is solved at each land grid point for soil temperature.
The treatment of the moisture fluxes at the air-soil interface is discussed
in detail by McCumber and Pielke [5]. We predict the soil moisture content
through a specified depth of the soil, and impose continuity of the moisture
flux at the air-soil interface through an iterative process.
Since the flux of latent heat is directly proportional to the flux of water
vapor, the soil moisture characteristics effectively govern the partition of
incoming solar radiation between sensible and latent heating in this model.
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Characteristic soil parameters for the textural classes assigned in this study
are given in Table AI. It is well known that the flux characteristics of the
ground may change considerably when a plant canopy is present. However,
the synoptic situation we have considered is coincident with the period
shortly after harvest time where large portions of the ground are bare soil.
At the ground, a no-slip condition is imposed on velocity. On water surfaces,
0 is held constant at 292 K; the air immediately above a water surface is
assumed to be saturated. At the land points, Os and 1/ are held constant at
a depth of 50 cm.
We assume a roughness length of 0.1 cm for the sandbar, and 4 cm for all
other soils.
At the lateral boundaries of the model domain, zero-gradient boundary
conditions are imposed on u, v, 0, and q. The upper boundary is a material
surface whose height is predicted as described by Mahrer and Pielke [3];
on this surface, u, v, 0, and q remain cohstant.

5. Initial Conditions

The initial conditions assigned for these simulations are representative of
a summertime synoptic pattern which results in maximum daytime land-
water temperature contrasts along the coasts of Schleswig-Holstein. This
pattern is dominated by a stagnant high pressure ridge centered over
northern Scandinavia. The easterly flow at low levels associated with this
pattern produces abnonnally hot and dry daytime conditions over much of
Germany, with maximum temperatures at inland surface stations frequently
in excess of 30 °C.
The model is initialized at local sunrise, computed for 1 August at latitude
55 N (0415 LST). The initial atmospheric profiles of {J and q are assumed to
be horizontally homogeneous; these are given in Table 2. '

Table 2. Initial Profiles of () and q

q(gkg-1)z(m) IJ (K) z(m) 8 (K) q (g kg-I)

5000
4750
4350
3750
3250
2750
2250
1750

307.25
306.5
305.0
303.5
302.0
300.5
299.0
297.5

0.5
0.5
0.5
0.5
1.0
1.5
2.5
3.5

12,50
750
350
150
75
37.5
17.5
6

296
294
293
292
292,
291,
290
289,

4.5
5.5
6.5
7.9
8.1
8.3
8.5
8.7

.0

.5

.5

,6

.0

,0

,0

.0
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6. Treatment of the Tidal Cycle

Based on the observed behavior of the sandbars off the west coast of
Schleswig-Holstein, we approximate the tidal cycle by the following ideali-
zation: we assume that "high tide" persists for 4 hours, while "low tide"
persists for 8 hours.
The tidal transition is assumed to take place over a 30-minute period.. In
grid boxes within the sandbar region, the fraction of the grid box assumed
to be covered by sand decreases linearly from 1 to 0 over this period;
similarly, the wat~r fraction increases linearly from 0 to 1. During the period
of inundation, two profiles of the turbulent exchange coefficients for heat
and momentum are computed for each grid column over the sandbar. One
profile is based on the surface characteristics of the sand, obtained via the
surface heat and moisture budgets. The other profile is computed assuming
a water surface of constant temperature. Resultant K profiles are then ob-
tained -by weighting the land- and water-based K profiles according to the
land-water distribution within the grid box at the given time.

7. Sensitivity of the Model to Soil Variability

To isolate and compare the response of the model atmosphere to the soil
surfaces specified in this study, we carried out a series of one-dimensional
column simulations similar to those reported by McCumber and Pielke [5].
Since advective effects are absent in these simulations, all variability among
the simulation results is ascribable to differences in the response of the soil
surface to incoming solar energy. The initial conditions for each simulation
are identical to those specified as initial conditions for an individual column
with the given soil type in the two-dimensional simulations. The integration
time is 12 hours and the time step is 30 s, as in the two-dimensional simula~
tions.
We summarize the relevant results of these simulations in Table 5. Here

Table 5. Results of One-Dimensional Simulations

Soil type ~8(K)
Surface

Min. Relative Humidity (%) Max. Bowen Ratio
Surface z = 6 mz=6tn

Clay loam 27.7
Loam 21.5
Loamy sand 25.3
Sand (dry) 22.6
Sand (wet) 10.2

12.8
10.7
12.0
11.1
6.6

13
28
15
23

100

22
32
24
29
67

9.1
1.4
6.4
2.2
0.14
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Fig. 2. Model-predicted variable fields for Experiment A. a) Potential temperature (K)
at z = 6 m; b) specific humidity (g/kg) at z = 6 m; c) u-component (m/s) at z = 10 m;
d) v-component (m/s) at z = 10 m; e) w-comiJonent (cm/s) at z = 1000 m.

(-) 1015 LST; (- --) 1215 LST; (. ) 1415 LST; (- ) 1615 LST.
Horizontal grid spacing is 3 km. Surface type varies as described in Table 1

!J.O is the difference between maximum and minimum predicted potential
temperatures. The surfac.e Bowen ratio is the ratio of the atmospheric
surface layer fluxes of sensible and latent heat Cp O*/(Lq*). Note the differ-
ence in the thermal response to solar radiation between the wet sand and
the other soil surfaces. The wet sand supplies enough moisture to maintain
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.) 1315 LST;

saturation at the air-soil interface. Thus, more of the incoming solar energy
is channeled into evaporation than into sensible heating. As indicated by the
surface relative humidities, the remaining soils dry out significantly as they
are heated by the sun.

8. Sea-Breeze Simulations

In this section we consider the daytime airflow pattern in the vIcinity of the
sandbar. Four two-din1ensional numerical simulations are discussed. Experi-



14 R. C. Kessler et aI.

ment A is a l2-hour model integration, initialized and bounded as described
in Sections 4 and 5. The sandbar is not inundated in this experiment. The
three remaining experiments are identical to Experiment A except as noted'
below.
In Experiment B, the sandbar is inundated beginning at 1215 LST as de-
scribed in Section 6. This experiment is designed to evaluate the effect of
tidal inundation on a well-developed sea breeze. We note here that an ad-
ditional simulation in which the sandbar was inundated for four hours
beginning at sunrise (0415 LST) produced results identical to Experiment A
between 1015 and 1615 LST.
In Experiment C, the variability of the land surface is eliminated; all non-
water surfaces are treated as dry sand. This eliminates circulations over land
which result from differential heating of nonhomogeneous soil. Comparison
of experiments A and C thus isolates the effect of the contrast between the
moist sandbar and adjacent dry soil.
In Experiment D, the water surface at the eastern end of the domain is
replaced by a loam surface. Comparison of Experiments A and D isolates
the effect of the east coast sea breeze on the airflow over the sandbar.
Figs. 2 thrO\lgh 5 depict the evolution of several atmospheric variables be-
tween 1015 and 1615 LST in each of the four experiments. We present
U, v, 0, and q at the first model level above the ground, to highlight the
effects of surface variability on the airflow. The vertical velocity at 1000 m
is also given; this is the height at which the maximum vertical velocity
associated with the west coast sea breeze most frequently occurs in these
experiments. Note that only that portion of the model domain in the
vicinity of the sandbar is depicted.
In all four experiments, a sea breeze has developed off the seaward edge
of the sandbar by 10 15 LST. By this time, the effect of the moist sandbar
is apparent. In experiment A (Fig. 2) a distinct region of horizontal 0
gradient is present at both ends of the sandbar. The zones of horizontal 0
gradient each generate a convergence zone. The w maximum reaches 1 boo m
first near the sandbar/clay loam boundary, as surface heating and associated
boundary layer growth are more rapid at this location than at the seaward
edge of the sandbar. In Experiment C (Fig. 4), where the moist sandbar and
clay loam are replaced by dry sand, a sharp surface 0 gradient occurs only
at the sea/land boundary, with an associated w maximum at 1000 m.
The surface characteristics and the east coast sea breeze (ESB) each exert
a significant effect on the predicted movement of the west coast sea breeze
(WSB) after 10 15 LST. Because oO/ox is positive above the entire extent of the
sandbar in Experiment A, the WSB moves further eastward between 1015
and 1215 LST than it does in Experiment C, where oO/ox east of the WSB
front is virtually zero. The w maximum in Experiment A shifts, westward
during this period as the boundary layer grows near the west coast.
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The effect of the ESB bec°!Des significant during the afternoon. The ESB
is diffuse, with no significant associated convergence zone. In Experiment A
the penetration of the ESB erodes the horizontal 8 gradient above the east
edge of the sandbar; as a result, the WSB front is pushed back toward the
west coast. However, in Experiment D (Fig. 5), in which the ESB is absent,
the WSB front moves continuously eastward between 1015 and 1615 LST.
The results of Experiment B (Fig. 3) illustrate the adjustment of the WSB
to tidal inundation. After inundation is complete (1245 LST) a significant
surface temperature discontinuity exists only at the boundary between the
inundated sandbar and the relatively hot clay loam surface. The WSB front
moves past this boundary approximately 1 hour after the completion of
inundation. This indicates the time required for the atmospheric boundary
layer to respond to the inundated surface. As in Experiment A, westward
movement of the WSB front appears after 1415 LST; the westward move-
ment is substantially less in Experiment B than in Experiment A because
the ESB does not significantly erode the horizontal 8 gradient.
A significant northerly wind component is associated with the WSB in each
of the experiments. The development of the WSB results in an inertial
imbalance which feeds into the v component via the term -f(u -Ug).
Note that in Experiment B the inertial imbalance persists after inundation
removes the sea/sandbar interface; thus the northerly flow continues to
intensify over the inundated sandbar, while the westerly component weakens
significantly between 1415 and 1615 LST.
The surface heat budget for the non-water surfaces in Experiment A is given
for 1215 and 1615 LST in Fig. 6. Over the dry soil (i.e. non-sand bar), the
magnitude of each term in the surface heat budget is nearly constant within
each soil region. The atmospheric response to the differential heating of the
various dry soils is smoothed by advection (Fig. 2a).
The differences in surface response between the moist sandbar and the dry
soils are quite significant. The sandbar receives a greater net radiative influ,\
than do the dry soils, primarily as a result of its lower surface albedo as
determined by (AI7). As indicated by the one-dimensional experiments of
the previous section, the latent heat flux dominates the sensible heat flux
over the sandbar, while the reverse is true over the dry soils.
Note that the heat flux into the moist sand at 1215 LST is much greater
than the heat flux into the dry soils despite the cooler sandbar surface.
The magnitude of this flux is ascribable to the high thermal conductivity
of moist sand (eq. AI6).
In Fig. 7 we show the behavior of the specific humidity at the ground
surface, qo, in the vicinity of the sandbar in Experiment A. A pronounced
qo maximum occurs on the sandbar, due to the combined effects of sensible
heating (which increases the saturation specific humidity at the surface),
and upward transfer of moisture within the sand (which maintains surface
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saturation). However, 6 m above the sandbar surface (Fig. 2b) q decreases
during the first 6 h of model integration as advection from the dry soil
region dominates the turbulent transfer of moisture from below (Fig. 2a).
After passage of the WSB front, q levels above the sandbar rise as marine
air is advected eastward.
Between 1415 and 1615 LST, q increases sharply at the 6 m level in
Experiment A above the eastern portion of the sandbar. Since this region
lies east of the WSB front, drier air is advected into the region from inland.

2 Arch. Met. Geoph. BiocI. A, Bd. 34, H. I
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Thus, the increase in q must be ascribable to turbulent transfer. The region
of slightly positive sensible heat flux at 1615 LST (Fig. 6) indicates that
the surface layer has become stable east of the WSB front. Stabilization of
the surface layer results in a sharp reduction of model-calculated turbulent
exchange coefficients, but has a lesser effect immediately above the surface
on. the upward moisture flux from the sandbar. The net result is a con-
vergence of the turbulent moisture flux at low levels east of the WSB front,
similar to that reported by McCumber and Pielke [5] in their one-dimensional
simulations.

2*
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A similar q maximum is predicted above the east edge of the sandbar in
Experiment D. Here the maximum lies to the west of the WSB front; at
1615 LST turbulent transfer from the surface adds moisture to the marine
air adv~cted inland by the WSB. In Experiment C, q decreases throughout
the afternoon east of the WSB front, as the flux of moisture from the dry
sand surface to the atmosphere is minimal, and the boundary layer continues
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to deepen. The q increase after inundation in Experiment B results primarily
from advection by the WSB; note the relationship between the u and q
fields in Fig. 3.

9. 

Summary and Discussion

In this study we have attempted to simulate the effects of a large sandbar
on sea-breeze development along the North Sea coast of the Gennan state
of Schleswig-Holstein. We have considered the effects of (1) land surface
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Fig. 7. Surface specific humidity (g/kg) for Experiment A. Legend as in Fig. 2

variability; (2) tidal inundation of the sandbar; and (3) inland penetration
of an opposing sea breeze from the Baltic coast.
Our results indicate that a large sandbar can playa major role in sea breeze
development. A sea breeze is a response to a local pressure gradient which
results from differential heating of a surface. The presence of a moist sand-
bar adjacent to relatively dry soil adds an additional boundary across which
differential heating can take place; this can act to diffuse the sea breeze
front.
Tidal inundation of the sandbar removes this additional boundary. Thus
the effect of .inundation on a well-developed sea breeze involves both a
translation and intensification of the sea breeze front.
Model results indicate that the Baltic sea breeze penetrates westward to the
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North Sea sandbar under moderate easterly synoptic flow, eroding the
horizontal temperature gradient above the sandbar-soil interface. In
response, the west coast sea breeze is forced back toward the North Sea
during the afternoon.
Low-level atmospheric humidity over the sandbar is governed primarily by
advection when the model surface layer is unstable. Stabilization of the
model surface layer results In turbulent moisture flux convergence above
the sandbar, and a significant increase in low-level atmospheric humidities
during the late afternoon.
Although we have based the initial and surface conditions for our simula-
tions upon actual dry summer conditions in Schleswig-Holstein, these
simulai1ons are highly idealized. Realistic simulation of the airflow in this
area would require us to consider the effects of coastal curvature and of the
islands within the sandbar region (Fig. 1). This would require a three-
dimensional simulation. Additionally, we have ignored the effects of vegeta-
tion cover, which perhaps would mitigate the contrast between moist sand
and dry soil surfaces. However, we believe that this study illustrates the
necessity of proper representation of surface characteristics in the simulation
of airflows in coastal regions.
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Appendix A. Soil Moisture Treatment

It is useful to begin by defining some characteristic soil parameters. The moisture content
11 is the volume of water (vapor plus liquid) contained in a unit volume of soil. It has units
ofL3L -3.
The moisture potential1/! is the suction pressure required to extract water from the soil.
1/! is conventionally given in units of length, symbolizing the height of a water columnsupportable by the required suction pressure (1 bar = 1000 cm). 1/! is always negative; ,

its absolute value decreases with increasing soil moisture.
The hydraulic conductivity (KTj) relates the soil moisture flux to the gradient of 1/!.
Only vertical gradients within the soil are considered in this study. Symbolically

3 (1/! +z)
w. = Knf),.,-.,. ..az ' (AI)

where It's is the soil moisture flux (positive downw~rd) and Pw is the density of water.
Ws has dimensions M L -2 T- 1 ; thusKfj has dimensions LT- 1 .Kfj increases as soil

moisture content increases.
The diffusivity (Dfj) is analogous to the exchange coefficient utilized in the representa-
tion of turbulent fluxes in the atmosphere. We define

a It'Dfj = Kfj -a .
71

(A2)
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(2) Eq. (AI) is inverted to obtain 1/1 at the air-soil interface from the new value of Ws.
(3) Eq. (A4) is inverted to obtain 71 at the air-soil interface from the new value of I/IG.
(4) K7J and D7J are computed at the air-soil interface using eqs. (AS) and (A6),

respectively.
(5) The convergence of I/IG is checked, if I/IGhas not sufficiently converged, steps (2)
through (4) are repeated.
(6) A surface relative humidity is computed from the equation

-gl/lG -

h = exp-1 (AID)

RuTG

The equations
qG = hils

qs = 0.622 p;-=~

es = 6.1078 e~ [ 17.269 .TG -35.86

are then used to obtain the specific humidity at the surface, qG.
(7) The new value of q G is used to update Wa.
The sequence of steps (1) through (7) is repeated until wa and Ws fulfill the convergence
criterion. After wa and Ws have converged, the prognostic equation for 1/

a aws /.. .,

(All)

(AI2)
es

TG -273.16

Pw-1/ =- I.i\. 1 "+)
at az

is solved. As a lower boundary condition on this equation, 1/ is fIXed at a specified depth
in the soil. New values of KfJ' 1/1, andD, are then obtained from (A4), (AS), and (A6)
using the updated values of1/.
The soil volumetric heat capacity C and the thermal conductivity X are functions of soil
moisture. These parameters, required in the prognostic equation for (Js, are obtained
from the equations

C = (1 -1/) C; + 1/Cw

{ A=exp[-(pf+2.7)]; PfE;;5.1
A = 0.00041; PI> 5.1

where Pf is the base 10 logarithm of the moisture potential1/!.
The surface albedo is a function of surface soil moisture and is obtained from

as=0.31-0.34A; AE;;0.5
as = 0.14; A>0.5
A = (1//1/s)

(A17)

List of Symbols

as
b
C

soil albedo
dimensionless soil moisture exponent (function of soil textural class)
volumetric heat capacity
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Cj

Cw

es

g
h

KT/

KT/s
L

P
PI
q
qG
qs

q*

Rv
t
TG
u,v,w
u*
Wa

Ws

(ws)G

11

l1s
()

(}s

IJ*

A

p

Pw

1/1

dry volumetric heat capacity for soil type i
volumetric heat capacity for water
saturation vapor pressure of air
gravitational constant
relative humidity of the surface soil

hydraulic conductivity
saturation hydraulic conductivity
latent heat of vaporization

atmospheric pressure
base lO logarithm of the magnitude of the soil moisture potential

atmospheric specific humidity
soil surface specific humidity
saturation specific humidity
friction specific humidity
gas constant for water vapor
time
ground surface temperature
velocities
friction velocity
atmospheric surface moisture flux
soil moisture flux
surface soil moisture flux
soil volumetric moisture content
soil porosity
potential temperature in the atmosphere
potential temperature in the soil
friction potential temperature
soil thermal conductivity
air density
water density ,
soil moisture potential (as head of water, cm)
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