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ATR-SEA ENERGY EXCHANGE IN LAGRANGIAN
TEMPERATURE AND DEW POINT FORECASTS

Ronald M. Reap
Techniques Development Laboratory

ABSTRACT. The Techniques Development Laboratory
three-dimensional trajectory model was updated in
June 1971 to include the effects of air-sea inter-
actions. ' Output from the model is currently trans-
‘mitted via facsimile for use as guidance in severe
storm forecasting. Past verification statistics
for the model have shown a marked tendency to
under-forecast surface temperature and dew point
along coastal areas during the cold seasons. A
quasi-dynamical model was developed to correct
the bias in the forecasts by simulating the ad-
dition of latent and sensible heat to a column
of air moving over water along a surface tra-
jectory. Subsequent changes in the surface air
temperature were assumed to be a function of the
initial lapse rate, initial air temperature, sea-
surface temperature, and length of over-water
trajectory. Effects of the air-sea heat and
moisture flux—simulation were tested for 41 cases,
Verification statistics for 80 RAOB stations
showed significant reductions in the root-mean-
Square-error and bias, resulting from the elimi-
nation of large errors in a relatively small
number of forecast soundings along or near coastal
waters.

INTRODUCTION

The evolution of temperature and moisture fields within the continental
boundary-layer is quite often strongly influenced by the complex air-sea
energy exchanges found over nearby oceans. The exchange processes occur in
the form of vertical fluxes of heat, moisture, and momentum within the
oceanic boundary-layer and are most pronounced whenever cold air flows over
warm waters. Ideally, an accurate numerical simulation of the fluxes should
entail a complete specification of the turbulent exchange coefficients.
However, due to the turbulent nature of the fluxes and the small scales
involved, direct measurements of the quantities needed to compute the ex-
change coefficients, i.e., vertical gradients of air temperature, moisture
and wind speed, have been difficult, if not impossible to obtain.



For purposes of numerical simulation, the exchange coefficients and
associated transport processes are usually represented by empirical
formulations derived from field and laboratory experiments. Such formula-
tions normally involve easily measured time-averaged quantities, e.g.,
surface wind speed, surface air temperature, and sea-surface temperature.
The indirect estimates of the air-sea exchange provided by these equationms,
while subject to varying degrees of error, are extremely valuable in gaining
physical insight into the role of the exchange processes in modifying
synoptic-scale weather systems. Also, from an operational viewpoint, the
empirical formulations provide a means to improve current forecasts from
existing numerical models. It is the purpose of this paper to describe the
simulation of air-sea interactions in the Lagrangian model (Reap 1968)
developed at the Techniques Development Laboratory (TDL).

LAGRANGIAN PREDICTION MODEL

Forecasts of temperature, dew point, relative humidity, and 12-hour
net vertical displacement for 24 hours in advance from the TDL trajectory
model (see figure 1) are currently transmitted over the National Weather
Service Forecast Office Facsimile System (FOFAX). The underlying feature of
the forecast model involves the computation of three-dimensional air parcel
trajectories from operational wind forecasts generated by the six-layer
primitive equation model (Shuman and Hovermale 1968) currently in operation
at the National Meteorological Center (NMC). A two-hour time step is employ-
ed in the iterative scheme used to compute the trajectories. Detailed fore-
casts of temperature and moisture are subsequently derived by computing the
six-hourly variations of potential temperature and mixing ratio for air
parcels assumed to follow paths defined by the trajectories. Specification
of the initial temperature and moisture fields at the trajectory origin or
upwind points is provided by an objective analysis technique (Endlich and
Mancuso 1968) which is capable of reproducing detailed patterns and gradi-
ents with only light smoothing of the observations. Two important features
of the analysis scheme involve the use of original radiosonde reports, in-
cluding significant-level data, and a modified weighting function whereby
observations along the flow are given greater weight than crosswind obser-
vations. This latter feature tends to preserve narrow, low-level tongues
of temperature and moisture. Influences of a relatively detailed terrain
are also included in the forecast program. The terrain is defined on a grid
with a mesh length of approximately 120 miles, or one-half that of the NMC
mesh.

Verification statistics (Reap 1968) have indicated a significant
improvement over corresponding forecasts in the lowest 150 mb from the NMC
six-layer model. However, a definite under—forecasting of low-level
temperature and moisture was noted for the cold seasons in regions subjected
to flow from nearby oceans. Errors arising under such circumstances are at
least partially due to the neglect of diabatic heating of cold air flowing
over warmer waters.



oo Vi T 8 / ';I
AT e
T3 et e [

(solid) are contoured at intervals of 20 percent and 20 mb,

nable from the model is indicated at 700 mb by the narrow

ured at intervals of 5°C. 700 mb relative humidity (dashed)
tline.

ts produced by the TDL Trajectory Model. Dew points (so0lid)

1
. [ 1 :
W ea =
0 ==
o wrwo
oNUVA I ea
Zou ]
- RN ¥}
xg--ng 2
®
<10 Y %
Y —-a - \ QA > q
SN N
2
) 3 X

S

mmmmmm

Figure 1. Example of 24-hr foreca
and temperatures (dashed) are cont
and 12-hr net vertical displacemen
respectively. The resolution obta
moist tongue along the eastern coa




EVALUATION OF VERTICAL HEAT AND MOISTURE TRANSPORT

Annual or seasonal aspects of the vertical energy exchange over oceans
have been investigated by many authors, including Jacobs (1951) and Budyko
(1956). These and similar studies have clearly shown that solar heating
and evaporation from the sea-surface represent the principal energy com-—
ponents in the seasonal heat balance. However, short-term computations of
the air-sea energy exchange have been scarce. Some exceptions are found in
the studies by Laevastu (1965), concerning the formulation of air-sea ex-
change processes in a manner suitable for routine analysis and prediction
at the U. S. Fleet Numerical Weather Facility, and the investigation by
Petterssen, Bradbury, and Pedersen (1962), describing latent and sensible
heat changes in relation to Norwegian cyclone models. A similar investi-
gation of the air-sea exchange was performed by Garstang (1967) on low-

latitude synoptic-scale systems. In the preceding studies, the short-term
meteorological implications and relationships between the heat exchange

patterns and observed weather were discussed in considerable detail. It
was found that longer-term effects resulting from the solar and terrestrial
radiation balance can be neglected for short-range forecasts. This is
especially true in higher latitudes where the diurnal variation of the sea-
surface temperature is negligible relative to the interdiurnal changes due
to moving weather systems. Therefore, latent and sensible heat transports
represent the bulk of the air-sea exchange and are considered to be of
primary importance in synoptic analysis and short-range prognosis.

The vertical unit-area fluxes of heat, moisture, and momentum can be
described by the following standard relations:

Qq = -cp o Ky (%;) @
Qg = -0 g (g_‘;) )

p KM <§_IZI> (3)

where cp is the specific heat at constant pressure, p is the air density,

Ky, Kg, and KM are the eddy transfer coefficients for heat, water vapor,

and momentum, 6 is the potential temperature, q is the specific humidity,

u is the wind component along an axis parallel to the flow, and z is the
height. The bar denotes an average over a period of time at a fixed point.
Forming the ratio between the heat and momentum flux quantities and approx-
imating the derivatives between the sea surface s and height z, we can write:

1

,_‘
1]

 _ . MM oes -0 )
'[' ,pKM uz



R _Kg 45 - qg

t Eg Uy

(5) -

where ug is assumed to be zero. The vertical flux of horizontal momentum
T, or turbulent shear stress, can also be written as:

T=OCZVZ (6)

where C, is the drag coefficient appropriate” to the height z, usually

10 meters, and V, is the total wind speed. The quantity T also represents
the tangential stress exerted by the wind on the sea surface and is general-
ly regarded as constant with height in the first few meters of the oceanic
‘boundary-layer. Substituting for T in (4) and (5) from (6) gives:

Qq = cp o C, EE_ (6g = 62)V, (7)
Ky
% =0 c, Xe (4 = q,)V, (8)

Ky

where 0g and qg are derived from the sea-surface temperature,

In applying (7) and (8) to daily computations of the air-sea energy
exchange, additional assumptions have to be made concerning the relationships
between Ky, Kg, and KM. Under stable conditions, Ky is generally less than
KM, while for strongly unstable stratification, Ky can become much larger
than Ky. This finding is not surprising, especially over land, in light of
the buoyancy processes which occur in highly unstable conditions, e.g.,
strong heating in the lower-levels due to solar radiation. In contrast, as
shown by Charnock and FEllison (1959), observational evidence obtained over
the sea surface leads to a somewhat different interpretation. Their mea-
surements indicated that temperature and humidity fluctuations at 134 meters
in maritime air were highly correlated, under both stable and unstable
conditions. They subsequently concluded that the processes transferring
heat and water vapor were identical; which implies that K, and KM were also
equal in magnitude. Assuming the equality, Ky = Kg = Ky, (7) and (8)
become:

QH = Cp p Cz (eS = 6z)Vz (9)



Qg = e C, (g - q5)V, (10)

The derivation leading to (9) and (10) describes the well-known bulk
aerodynamic method. This approach has been widely used for computations
of the large-scale features of the air-sea energy exchange using climato-
logical data derived from ship observations. According to Webb (1960),
estimates for various time scales indicate that the standard error in
evaluating (10) amounts to less than 10, 5, or 3.5 percent for daily, weekly,
or monthly values, respectively. From a synoptic viewpoint, the bulk aero-
dynamic equations are entirely adequate, unless extreme instabilities exist
which result in turbulent motions more intense than the neutral equilibrium
case. As shown by Garstang (1967), conditions over the oceans, at least in
the lower latitudes, are by and large relatively close to neutral equilibrium.
The largest exchanges normally occur at times of strong winds with the associ-
ated vertical wind shear acting to maintain a near-neutral stratification by
means of vigorous turbulent mixing. Consequently, as noted by Garstang (1967),
the more intense the transfer, the more accurately (9) and (10) predict it.
The largest errors in applying the aerodynamic equations will occur in the
unlikely case where the wind is nearly calm and the air-sea temperature
difference remains large. However, even in this case the exchanges are small
and perhaps even negligible.

The problem now remains of evaluating the drag coefficient C, in 9)
and (10). This coefficient is found to be a function of height above the
surface, atmospheric stability, and the dynamic roughness which at sea is
a complex aerodynamic quantity reflecting the interaction between wind and
waves. While essentially independent of the wind speed over land, the
empirical formulation of C, as a function of wind speed over the ocean has
not been satisfactorily resolved (Roll 1965). If we assume that near-neutral
stratification prevails, the linear variation of C, with wind speed at 10
meters can be determined from the relation:

Ci9 = (1.00 + 0.07 Vig) x 1073 (11)

as given by Deacon and Webb (1962), where Vg is in m/sec. Equation (11)
expresses the corresponding dependence of the drag coefficient upon the
roughness of the sea surface, as estimated from the surface wind speed. A
note of caution concerning (11) is expressed since the dependence of C, upon
the wind speed is most likely nonlinear (Roll 1965). However, in the absence
of more definitive information, the useful approximation for C, given by (11)
is accepted with an upper limiting value of 2.6 x 1073, This value agrees
closely with maximum values for C, obtained by numerous investigators, as
documented by Roll (1965).



TRANSFORMATION MODEL

Having parameterized the latent and sensible heat fluxes within the
first few meters of the oceanic boundary-layer, it is necessary to model the
subsequent redistribution of this heat within a column of air moving over
the ocean. Following Burke (1945), Davis et al., (1968), and others, a
quasi-dynamical model is developed in which the form of the forecast, or
transformed sounding, is assumed. In essence, we are assuming that the modi-
fied air lies completely under unmodified air, i.e., we do not apply the
diffusion equation. This assumption constitutes the principal empirical
component of the model. However, it must be noted that the assumed form of
the forecast sounding agrees quite well with features observed over water
under lapse conditions (Klein 1946). The modified sounding, as shown in
figure 2, is characterized by the following regions:

1. A contact layer extending from the sea-surface to approximately
10 meters. This layer exhibits a strongly superadiabatic lapse rate, a
marked upward decrease in the mixing ratio, and constant fluxes of latent
and sensible heat associated with the pronounced vertical gradients of
temperature and moisture.

2. A well-mixed layer extending from the top of the contact layer to
the lifting condensation level (LCL). This layer normally exhibits nearly
constant values of potential temperature and mixing ratio.

3. A saturated region or cloud layer above the mixed layer extending
to the height, usually associated with the cloud tops, at which the saturated
adiabat through the LCL intersects the initial sounding.

Although the assumed form of the forecast sounding agrees in general
with features observed over water under lapse conditions, the transport
processes effecting the actual transformation may be quite complex. For
example, within the saturated layer, convective cells in the form of cumulus
clouds play a dominant role in the vertical transport of energy. Within the
mixed layer, conditions favor strong vertical transport by means of turbulent
eddies. These same conditions, i.e., pronounced vertical wind shear, large
air-sea temperature difference, and near-neutral stability, also favor the
generation of well-organized secondary circulations within the boundary-
layer. For example, Hanna (1969) has documented the presence of longitudinal
roll vortices and accompanying cloud streets whose scale is considerably
larger than the individual turbulent elements. The quantitative effects of
such circulations on the boundary-layer temperature and moisture profiles
areonly partially understood at the present time, although we may qualitative-
ly attach some importance to them. However, it would be inappropriate to
attempt refinements of this type in the present model,since any variations in
the vertical profiles due to secondary boundary-layer circulations are prob-
ably much smaller than the errors inherent in the wind forecasts used to com-
pute the trajectories.
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Figure 2. Heavy curve portrays modified sounding with
dashed lines denoting saturated ascent. The predicted
increase in surface air temperature from an initial value
T, to the final 'value Tg¢ corresponds to an intermediate
phase of the transformation process. For a sufficiently
long over-water path, Tg will approach Tf', which is the
equilibrium air temperature with respect to the sea-
surface temperature Tg.

a) Temperature

We will now develop the model equations for determining the final surface
air temperature (T¢). Following Burke (1945), Ty is defined by the functional
relationship:

Te = ¥ (T,,8,8,Tg)

where T, is the initial surface air temperature (°A), S is the length (km) of
the overwater trajectory, B is the initial lapse rate (AT/Aln p), and Tg is
the mean sea-surface temperature (°A). More concisely, we wish to obtain Y
in the form of an analytical solution for the surface air temperature at any



phase of the transformation process. As previously noted, the long-term
effects of the radiation balance are neglected. We can now express the
individual change in the heat content of a moving columm of unit cross-
section by:

3 (12)

d d
¢ () = 57 (8H) + V, 57 (4H)

where s is distance along the trajectory, V, is the mean wind speed along s,
and AH is the difference between the instantaneous and original heat content
of the column. Assuming steady-state,i.e., local effects due to radiation,

condensation, etc. are neglected, we can write:

d - -y, 9 13
= (AH) = Qg = VY, = (AH) (13)

and:- from (9), noting that T = 6 at sea level, we have

C, (Tg - T,) V, = Vzlgg (aH) (14)
s

To evaluate the right-hand side of (14), let us express the heat content
H of the column up to the upper limit of temperature convection as:

. P 5 : ;
H=S ( T(s,p) dp (15)
g
p

where P, is the surface pressure and p is the pressure at the top of the
mixed layer. At s = o

Po
o= P T(o,p) d | (16)
We can now write (14) as:
o 5!
V, ¢ 9
cp p Cp (Tg - TIVp = 2 2 [T(s,p) - T(o,p)] dp (17)

g as
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At this point we deviate from Burke's derivation and introduce the initial
and final temperature profiles in the form suggested by Duquet (1960),
namely:

T(o,p) = T(o,p,) + B 1n(p/po) (18)

T(s,p) = T(s,po) + B 1n(p/po) (19)

where B is the value of B when the lapse rate is dry-adiabatic. If we
introduce the temperature profiles in this manner into (17), the resulting
integral can be evaluated analytically to give:

Y & S
X—Yln(——— - 810 2 (3-5p) (20)
Y-X R Tg
where X = T - T,, Y =T, - T,, g is gravity, C, = Cjy is given by (11), and

R is the gas constant for dry air. In essence, (20) represents the position
of the final dry-adiabat (figure 2) as obtained from the time integrals over
the sensible heat flux (9). Solutions for T¢ can be quickly obtained by
iteration procedures on an electronic computer. This is in contrast to the
rather complicated plates and graphs originally designed by Burke (1945) to
aid the operational forecaster in estimating the degree of air-mass modifica-
tion for cold air flowing over warmer waters.

The sea-surface temperatures needed to compute Tg in (20) are extracted
from analyzed fields transmitted to NMC from the U.S. Fleet Numerical Weather
‘Facility (FNWF). The analyses are frequently updated at FNWF to include all
available ship reports. A typical analysis for United States coastal waters
is shown in figure 3.

According to Burke (1945) and Klein (1946), the final sea temperature
is more important than the mean sea temperature in determining the final air
temperature Tg¢. This was confirmed in the present study by comparing fore-
casts run for several cases using both mean sea temperatures and final sea
temperatures. Therefore, for over-water distances (S) greater than 650 km,
T4 is set equal to the final sea temperature Tgf. For S less than 650 km,
Tg is set equal to (Tsi+3TSf)/4, where Tgy is the initial sea temperature.

Additional quantities needed to determine Tg, Cyp, S, and B in (20) are
derived from the basic six-hour surface forecasts of parcel position and
temperature produced by the TDL trajectory model. Briefly, the derived
quantities consist of the following:
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Figure 3. FNWF sea-surface temperature (°C) analysis for 0000
GMT on March 23, 1969.

(a) Parcel temperature and X,¥,p,t coordinates at landfall,
(b) Total over-water time (hr),

(c) Total distance (km) of over-water path, including single or
multiple over-water segments,

(d) Average sea-surface temperature for each six-hour segment of
the trajectory during which the parcel was over-water.

Inspection of (20) reveals that most of the parameters on the right-hand
side can be calculated in a rather direct and reasonably accurate manner.
However, determination of the initial lapse rate B presents special problems.
To obtain this quantity it is necessary to know when and where the surface
trajectories cross the coastline. This is accomplished by computing the
X,¥,P,t, landfall coordinates from the basic six-hour trajectory forecasts of
parcel position. The initial lapse rate for the vertical column is then
computed from the temperatures extracted for various levels at the point where
the surface trajectory crosses the coastline. We further assume that the
colum of air moves along the surface trajectory. The last assumption is
strictly satisfied only when the trajectories show little variation with height.
However, substantial variations of trajectory with height are found in most
operational forecasts. In addition, the lapse rate within the column also
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Figure 4. Modification of sur-
face air temperature Tg¢ as a
function of initial lapse rate
B, sea-surface temperature Tg,
// OVERWATER DISTANCE = 1019 km and time, for a typical 24-hr
?.:":ag;o\ée'“"y * Wi forecast. B = AT/A(ln p),
-10 where T is temperature and p
is pressure. For B dry-adiabatic,

?=€=7?58fmw:AmeK?mj\ Ly no change occurs in Tg, i.e.,

s - 4 8 12 16 20 24 the forecast curve lies along
time (hr.) the abscissa.

Ts -Tg (°C)

varies during the forecast period in response to synoptic-scale vertical
motions. Therefore, it would appear desirable to combine the initial and
unmodified final sounding in some appropriate manner to give an 'average"
lapse rate B for the transformation process. However, if we refer to figure
4, which gives a typical family of solution curves for Tgf as a function of
time over water and varying initial lapse rate B, it appears that most of
the temperature change occurs within the first six to eight hours. Hence,
for a wide range of atmospheric stability, the initial lapse rate is of
primary importance in determining the change in the surface air temperature.
This is especially true for short over-water travel times, in which case the
trajectory variations with height and the changes due to synoptic-scale
vertical motions are usually slight.

Referring again to figure 4, we note a very slow increase in the surface

air temperature for initial lapse rates approaching the dry-adiabatic value.
In the limiting case, (20) reduces to:

lim

B ~ B ly(TZaS’B’TS) =0

(21)

That is, a slight increase in the initial surface air temperature T, cor-
responds to heating a column of infinite vertical extent since the final
dry-adiabat through Tg parallels and does not intersect the initial sounding,
which is also dry-adiabatic. It is clear that (20) breaks down when B
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Figure 5. Plot of the initial lapse rate B (surface-850mb)
versus the initial air-sea temperature difference (Tg - T,)
for 600 over-water trajectories.

approaches or equals B, since little Or no temperature rise is forecast.
Hence, (20) fails to simulate the often significant addition of sensible
heat to initially well-mixed cold polar air passing over warmer waters.
However, such well-mixed layers are normally shallow with stable lapse rates
aloft inhibiting the vertical heat transport. Referring to figure 5, we
find that only 10 percent of the cases from a representative sample have
initial lapse rates greater than 60 for the surface to 850-mb layer. The
dry-adiabatic value ranges between 68-83, increasing with temperature. Only
2 percent of the cases have an initial air-sea temperature difference greater
than 5°C with an initial lapse rate of 60 or higher. Thus, the problem of
calculating the addition of heat to an initially well-mixed layer is cir-
cumvented by selecting the top of the layer, for which B is defined, high
enough so that a reasonable value of B can be computed. Normally, the 850-mb
level was found to be satisfactory in this respect. However, when the sur-
face to 850-mb layer is dry-adiabatic, mid-level (700 mb) temperatures are
also used in determining the initial lapse rate.
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During the operational procedure, an attempt is made to determine B as
accurately as possible. As a first approximation, a preliminary forecast of
Tf is made from (20) using an initial lapse rate computed from the surface
(Tz) and 850-mb (Tgs) landfall temperatures. If the initial lapse rate is
dry-adiabatic, it is re-computed using the 700-mb landfall temperature in
addition to T, and Tg5. A check is subsequently performed to determine if
the dry-adiabat through T¢ intersects the original sounding above 850 mb.
If this occurs, the temperature T, at the level of intersection is computed
and subsequently used in conjunction with T, and Tg85 to calculate a more
representative initial sounding and lapse rate. However, some smoothing
is required to obtain a linear lapse rate from the three temperatures T,,
T85, and T.. A mean pressure-weighted lapse rate is obtained using the
expression:

AT n n )
— =2 AT AP /S APy (22)
AP k=l k=1

where ATy and APy are the temperature and corresponding pressure increments
for each layer. The forecast for Ty is then repeated using this new or
"adjusted" lapse rate in (20). The preliminary forecast is accepted only

in the case where the dry-adiabat through Ty intersects the original sounding
below 850 mb. In this case, the solution of (20) indicates that the top of
the mixed layer has not penetrated above the 850-mb level, i.e., the initial
lapse rate B is representative of the layer undergoing modification.

b) Moisture

Having estimated the final surface air temperature T¢ for a column of
air moving along the surface trajectory, we will now examine the problem of
forecasting moisture changes within the mixed layer. It is possible to use
(10) to compute the moisture flux at the top of the contact layer; however,
the subsequent redistribution of this moisture through the subcloud layer
is considerably more complex than in the case of temperature, where the final
lapse rate given by (19) is assumed to be dry-adiabatic. Normally, a con-
stant value of specific humidity is associated with a well-mixed subcloud
layer in equilibrium with the sea-surface. However, numerous analyses of
ship soundings, see e.g., Klein (1946), have revealed a definite decrease
of specific humidity with height in the dry-adiabatic layer during the trans-
formation from continental to maritime air. It appears that the observed
gradients of specific humidity are closely related to the intensity of the
vertical turbulent transport. Hence, a wide variety of moisture profiles is
possible within the subcloud layer. Consider, for example, the case where
the upward turbulent transport at the top of the subcloud layer is greater
than the evaporation from the ocean surface. In the absence of horizontal
moisture convergence, the surface layer will subsequently lose moisture and
dry out. As noted by Riehl and Pearce (1968), this process is physically
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reflected in trade wind regions by the mixing of very dry air downward from
an upper inversion. Under strong anticyclonic flow, it may even be possible
for the surface dew points to decrease slowly or remain constant in the pre-
sence of continuing evaporation from the ocean surface.

Another mechanism for lowering the surface dew points is the intrusion
of downdrafts from precipitation cooling into the surface layer. This pro-
cess is most pronounced in low-level convergence zones. Significant changes
in the low-level moisture content may in some instances depend more upon the
divergence of the moisture flux than evaporation from the ocean surface.
Additional evidence supporting this viewpoint was provided by Riehl and
Pearce (1968) in approximating the total heat change following a surface
trajectory in the tropics by:

dH _ 9q (23)
dt LV ds )

where L is the latent heat of evaporation and q is the specific humidity.

The sensible heat flow was neglected in (23) since the heat energy repre-
sented by the latent heat flux is approximately 5 to 10 times greater, except
in disturbances where the sensible heat flow may be proportionately enhanced
(Garstang 1967). Little correlation was found between the centers of evap-
oration, as determined from an equivalent form of (10), and dH/dt computed
from (23). That is, there is no simple relationship between the latent heat
flux and the moisture content of the subcloud layer.

As a consequence of the difficulties in predicting moisture changes in
the subcloud layer, an "average" relative humidity of 65 percent, obtained
from studies by Klein (1946), is assumed at the ocean surface, except in
cases where the initial dew point results in values greater than 65 percent.
The final surface dew points are subsequently derived from the forecast air
temperature (Tf) and the assumed surface relative humidity.

The final step in the transformation process is accomplished by ad-
justing the 850-mb temperature and dew point forecast. This adjustment is
only carried out when the 850-mb level lies within the modified regions
shown in figure 2, i.e., within the mixed or saturated layers. As a first
step in the adjustment procedure, the lifting condensation level (LCL) is
computed from T. and the forecast surface dew point. If the LCL is above
850 mb, the variable T, is set equal to the temperature at the intersection
of the 850-mb level with the dry-adiabat through Tf. If the LCL is below
850 mb, T is set equal to the temperature at the intersection of the 850-mb
level with the saturation adiabat through the LCL. Therefore, if T, is less
than the forecast 850-mb temperature, i.e., if the top of the mixed or
saturated layer is below 850 mb, then no change is made to the original fore-
cast. If Ty is greater, the forecast temperature at 850 mb is replaced by Tope
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Figure 6. Temperature and dew point forecasts are
verified for the 13 by 17 grid centered over the United
States. The grid interval is 381 km at 60°N. Separate
verifications are made for the Eastern and Western grids.

Finally, an adjusted dew point at 850 mb is computed by assuming a fixed
value for the relative humidity within the saturated layer. The moisture
transported aloft by convective cells in this layer during the transformation
process is usually not sufficient to effect complete saturation, i.e., there
is substantial entrainment and mixing with the environmental air. Hence, a
reduced relative humidity of 85 percent is used to compute the adjusted 850-
mb dew point. This value was obtained by experimentation and agrees with
average values given by Malkus (1958) for the boundary between mixed and
saturated layers.

EVALUATION OF RESULTS

The basic verification sample used in this study consisted of 41 cases
run within the period January 1 to April 20, 1971. A statistical program used
routinely to verify operational forecasts from the trajectory model was run to
evaluate the 24-hr temperature and dew point forecasts at the surface and 850
mb for the 4l-case sample. Forecast soundings at individual upper-air stations
were constructed by the program from the gridded trajectory forecasts by means
of bilinear interpolation. The interpolated soundings were then verified
against the actual RAOB reports for all stations located within the 13 by 17
grid shown in figure 6. Each half of the grid was treated separately in order
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to distinguish between forecasts for mountainous areas and those for regions
having relatively flat terrain. Approximately 75 to 80 RAOB stations were
verified for an average case,

Shown in table 1 are the overall error field statistics for the modified
and unmodified forecasts. Noting that the number of soundings actually
modified for an average case usually represents about 35 percent of the total
number of soundings forecast by the trajectory model, and also that most of
the modified soundings lie over the ocean where verification stations are
sparse, the results from the verification program are summarized as follows:

a) The most significant improvement was achieved in the surface dew
point forecasts for coastal regions east of the continental divide. The
overall root-mean-square-error (RMSE) was reduced by 0.6°C and the pro-
nounced cold season dry bias in the unmodified forecasts, as shown by the
algebraic error in figure 7, was considerably reduced in both eastern and
western regions,

b) The RMSE for the surface temperature forecasts was improved and the
cold bias shown by the algebraic error in figure 8 was completely removed
in the east and reduced in the west.

c) No appreciable differences were found in the RMSE for the 850-mb
temperature forecasts. The RMSE for the 850-mb dew point forecasts showed
a slight improvement in the east along with a corresponding reduction in the
dry bias. However, the RMSE for 850-mb dew point forecasts in the west
showed a slight rise along with a positive bias in the forecasts.

Effects of the air-sea heat and moisture-flux simulation may be examined
in greater detail by referring to figures 9-10, which illustrate one of the
more dramatic improvements obtained for an individual case. It is clear from
figure 10 that the modified forecasts eliminate most of the error arising
from neglect of air-sea interactions in the current operational trajectory
model. Note also that the forecast errors are reduced some distance inland
due to adjustments in the coastal temperature gradients, i.e., the predicted
warming at over-water grid points is spread inland by the verification pro-
gram when interpolating forecast soundings at upper-air stations located
near the coastline. The remaining area of underforecast temperatures re-
sulted from neglecting the warming of cold polar air moving overland to the
Gulf Coast area. The surface trajectories plotted in figure 10 serve to
illustrate this point. Further modifications planned for the trajectory
model will also include attempts to correct for overland air-mass modification,

As previously noted, the improvements achieved in the RMSE resulted from
the reduction of large errors in a relatively small number of forecast
soundings along or near coastal waters. For example, modification of an
individual forecast sounding at a grid point located near Jacksonville,
Florida is shown in figure 11. Here we find the modified and unmodified
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Figure 7. Verification of 24-hour surface dew point forecasts.
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 Figure 8.

Verification of 24-hour surface temperature forecasts.
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Figure 9. Surface temperature error (°C) from un-
modified trajectory model for 24-hour forecast
verifying at 0000 GMT on February 2, 1971.

)
T \

Figure 10. Surface temperature error (°C) from
trajectory model with air-sea heat flux simulation.
Forecast verifies at 0000 GMT on February 2, 1971.
Surface trajectories and movement of surface high
are given by dashed and dotted lines, respectively.
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Figure 11. Modification of a forecast sounding by simulation of air-
-sea heat and moisture exchange. Insert shows 24-hr path of surface
trajectory across the Gulf Stream terminating at a grid point located
near Jacksonville (JAX), Florida. Observations at JAX were taken at
0000 GMT on March 24, 1969, '

forecasts of temperature and moisture plotted against the observed profiles

at Jacksonville. The path of the surface trajectory over the warm Gulf Stream
is also shown in figure 11. Note that the modified sounding is specified in
much greater accuracy and detail than the unmodified sounding. The additional
points outlining the modified sounding lie at the lifting condensation level
(LCL) and along the moist adiabat through the LCL, as previously discussed

The operational trajectory model was updated on June 7, 1971 to include
the air-sea heat and moisture-flux program. In addition, a supplementary in-
vestigation has indicated that the effects of the flux program in the trajec-
tory model would be enhanced by allowing for compensating diabatic processes,
e.g., cooling over snow or ice cover, cooling due to precipitation, etc. The

from the flux program. The largest single source of error in the flux program
lies in the low-level wind forecasts from the NMC six-layer primitive equation
model; hence, any improvement in the basic wind forecasts would tend to in-
crease the accuracy of the surface trajectories and resulting modifications by
the flux program.
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