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ABSTRACT

The effect of errors and biases in the atmospheric forcing for oceanic mixed layer model predictions is
studied using data sensitivity techniques. First, the bulk model of Garwood is used to predict 17 years of mixed
layer evolution and temperature structure at Ocean Station Papa using forcing derived from the 3 h atmospheric
observations. The model is then integrated again varying, one at a time, each atmospheric forcing variable by
a Gaussian error whose spread is proportional to the standard deviations of that variable during late winter
or midsummer. The results of those integrations are then compared with the control run to assess the effects
of the added random errors or biases. A positive or negative bias in the atmospheric forcing is much more
detrimental to the ocean prediction than is a random error with zero mean. The predicted mixed layer depths
are more sensitive to errors introduced in the forcing in winter than in summer. Conversely, the mixed layer
temperature is more sensitive to errors in summer than in winter. For both winter and summer, the wind
speed is the most critical factor in predicting mixed layer depth and temperature. Dew point temperature is
an important variable for mixed layer predictions during the winter. During summer, cloud cover becomes
an important variable. The results of this study are compared with errors in mixed layer depth and temperature
predictions that are due to errors in the initial profile. The errors in the predictions which are due to errors
in the atmospheric forcing are comparable in magnitude to those errors which are due to imperfect initial
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conditions.

1. Introduction

Accurate model predictions of mixed layer depth
and temperature do not depend solely upon the model
formulation. Ocean prediction is an initial boundary
value problem that is highly dependent on the avail-
ability of oceanic observations. Furthermore, the upper
ocean thermal and momentum structure prediction is
also dependent on accuracy of the atmospheric forcing.
Ocean prediction models require the fluxes of mo-
mentum and heat at the sea surface. A typical pro-
cedure is to use the bulk aerodynamic equations to
specify sensible and latent heat fluxes, and to relate
the short- and longwave radiation to the cloud cover.
Consequently, the necessary atmospheric forcing vari-
ables include: wind speed, air temperature, dew point
temperature, cloud amount and the sea surface tem-
perature.

Errors in ocean prediction then fall into three cat-
egories: 1) those errors due to the physical limitations
of the model, i.e., its simplifying assumptions and ap-
proximations; 2) errors due to imperfect initial con-
ditions; and 3) errors due to uncertainty in the forcing.
A technique known as data assimilation has recently
been applied to study the errors in the second category.
Elsberry and Warrenfeltz (1982) used data assimilation
techniques to study the effect of erroneous temperature
profiles on the prediction of mixed layer evolution at

Ocean Weather Ship (OWS) Papa (50°N, 145°W),
Larsen (1981) extended the Elsberry—Warrenfeltz study
to include the effects of either incomplete or noisy
verification temperature profiles, and the insertion of
actual BT data taken at OWS Papa.

In this study, an approach similar to the data as-
similation technique of Elsberry and Warrenfeltz
(1982) is used to demonstrate the sensitivity of an
ocean model to errors in the atmospheric forcing at
Ocean Station Papa. Clancy (1979) investigated the
effects of time-dependent forcing errors that increased
linearly in time to simulate the uncertainty due to
limited atmospheric model predictability. When the
atmospheric error growth eliminated the upward heat
flux at the surface, there were significant departures
in only five days from the control run mixed layer
depths and temperatures. In this study, errors are added
to the actual observations to determine which atmo-
spheric variables contribute most to upper ocean pre-
diction model errors.

2. Method

Garwood and Adamec (1982) present a time series
of atmospheric forcing and predicted mixed layer evo-
lution at OWS Papa for 1953-69. In that study, the
numerical representation is the oceanic planetary
boundary layer (OPBL) prediction model of Garwood
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(1977). The vertically-integrated, second order closure
bulk method of Garwood (1977) is also the OPBL
prediction model used in this study. The time-depen-
dent boundary conditions of the surface flux of buoy-
ancy and the solar radiation are derived from the 3 h
observations of cloud cover, wind speed, sea surface
temperature, air temperature and dew point temper-
ature. The surface fluxes are computed using the for-
mulas given in Appendix A. Notice that the 3 h ob-
served sea surface temperature is necessary to calculate
the sensible and latent heat fluxes. No other oceano-
graphic observations are used in the annual simula-
tions, except idealized initial temperature and salinity
profiles are specified on 1 January of each year
(1953-69). .

The forcing parameters, model predicted sea surface
temperature and observed and predicted mixed layer
depths for the year 1965 are shown in Fig. 1. Only
one fourth of the observed mixed layer depths (0.2°C
below surface temperature) from the BTs are plotted
since the number of observations completely obscures
the predicted depths. The annual signal in both mixed
. layer depth and temperature is clearly evident. During
winter, the mixed layer is over 100 m deep with an
associated temperature of 5°C. Near Julian Day 90,
the predicted and observed mixed layer suddenly re-
treats to a slightly shallower depth and undergoes an-
other sudden retreat near Julian Day 135. The ability
of the Garwood model to accurately and consistently
predict deepening events and the times of retreat con-
tributes to accurate prediction of the sea surface tem-
perature. The trends in predicted and observed sea
surface temperature are very similar, although the

model predicts a slightly warmer mixed layer for most

of the integration. There are other models which could
have been used for this study, but the Garwood model
has been extensively tested at Ocean Station Papa and
has been shown to give reliable results for 17 separate
years of integration (Garwood and Adamec, 1982).

Two “data windows” are chosen for this study: one
representative of the winter regime (Julian days 50-
65) and the other representative of summer conditions
(Julian days 190-205). Hourly predictions of mixed
layer temperature and depth from each season in each
annual run are taken to be the control. The advantage
of using model-generated temperatures and mixed layer
depth is that a regular and complete set of ““error-free”
verification profiles is available. The disadvantage is
that the model profiles do not contain all of the natural
variability associated with advective and tidal processes
that are omitted in this model. Because the same model
is used in the sensitivity tests described below, only
the relative error magnitudes between tests are mean-
ingful.

The procedure is to rerun the ocean model with
imperfect atmospheric forcing and determine the
changes relative to the control run. The model is re-
started at the beginning of each data window with the
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initial profile obtained from the control run, so that
the model is initially “perfect.” Separate integrations
over the 15-day data window are then made while
varying the atmospheric variables or the sea surface
temperatures that are used to calculate the boundary
conditions every 3 h. The magnitudes of the errors
introduced in the forcing are based on a 17-year average
of the standard deviation of that variable for that sea-
son. A listing of these standard deviations for the sum-
mer and winter regimes is given in Table 1. The as-
sumption that the Gaussian error has a distribution
proportional to the observed standard deviation of the
variable is reasonable to establish an upper-bound on
the expected observational errors. For detailed inter-
comparisons, one would have to choose appropriate
proportionality constants for each variable. For ex-
ample, one might expect that the forcing provided by
an atmospheric prediction model would have pro-
portionately larger errors in moisture or cloud cover
than for air temperature.

Three sets of experiments are presented. Random
errors with a Gaussian distribution are added to the
atmospheric forcing variable in each case. The mean
of the Gaussian error is adjusted to also permit negative
or positive biases. Thus, the average error is either plus
or minus (1 — 1/e) times the magnitude of the 17-year
standard deviation in Table 1, or is zero in the case
of purely random errors. These three cases will be
referred to as the “positive bias,” “negative bias,” and
“random error” case studies, respectively. A normal-
ized profile of the random error, positive and negative
bias used for this study is given in Fig. 2. Some limits
must be put on the modified variables. At no time is
the wind speed or the cloud cover allowed to be neg-
ative. Also, the maximum cloud cover is not allowed
to exceed unity.

3. Results

Some features of bulk mixed layer models that will
assist in the first-order interpretation of the results are
first reviewed. The mixed layer depth is governed ap-
proximately by

oh ui Qn
AL = (m 22—
at (’"‘ n - LG,

)/(agAT), (1)
where Q, represents the total surface heat flux. The
remainder of the symbols have their common meaning
as given in Appendix B. When the prediction model
is not in an entraining mode, the Heaviside step func-
tion is set equal to zero. In these situations, a new
mixed layer depth can be derived from (1) by setting
the right side equal to zero and obtaining
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FiG. 1. Cloud cover, wind speed, observed and predicted (dashed line) sea surface temperature, air temperature,
dew point temperature and observed and predicted (dots) mixed layer depths at OWS Papa during 1965.

It is expected that an error in the wind speed would
be very detrimental in the prediction of the mixed
layer depth because the wind speed enters as a cubic
in (1) and (2), and also affects the sensible and evap-

orative heat fluxes (see formulas in Appendix A). Errors
in the cloud cover would also be expected to be im-
portant since it is raised to the third power in the most
important heating term (solar radiation) and to the
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TABLE 1. Standard deviation (o) of atmospheric variables and sea
surface temperature observed at OWS Papa for winter and summer
windows during [953-69.

Winter Summer
Cloud cover (eighths) 20 1.0
Wind speed (m s7') 5.31 3.22
Sea surface temperature (°C) 0.24 0.50
Air temperature (°C) 1.21 0.81
Dew point temperature (°C) 244 1.19

second power in the back radiation. The dew point
temperature is important in the calculation of the
evaporative heat fluxes and also enters in the outgoing
radiative heat flux. The air and sea surface temperatures
both enter linearly in the calculation of the sensible
heat flux and are not expected to be as important as
the other parameters.

The year 1965 was selected for discussion because
the ocean and atmospheric conditions are climatolog-
ically similar to most other years at Papa and also
because the model exhibited a strong response to errors
in the atmospheric forcing. During the winter window,
the observed mixed layer depth varies between 100
and 150 m. The air, sea surface and dew point tem-
peratures all fluctuate near their minimum values of
2-6°C, 3°C and 0-5°C respectively. The sea surface
temperature does not exhibit much variability on the
time scales shorter than the length of the data window
(15 days). The wind speed averages about 12 m s™*
-with high variability, and the cloud cover is consistently
near § or 7. During the summer window, the mixed
layer depth is usually between 5 and 20 m. The tem-
peratures have not yet reached their maxima, but are
all near 8 or 9°C. The wind speeds have diminished
to about 7 m s™! and there is typically completely
overcast cloud conditions.

The results. of the sensitivity studies that varied the
cloud cover, wind speed and dew point temperature
are shown for the winter and summer windows in Figs.
3a-f and 4a-f, respectively: The cases varying the air
and sea surface temperatures are not shown since the
response was not as dramatic. This is due to fairly
uniform sea surface and air temperatures throughout
these periods, so that magnitude of the errors that are
being added or subtracted for these tests are relatively
small. In Figs. 3 and 4, the mixed layer depth is a
negative quantity, and all results are presented as de-
viations from the control run.

The most striking features in Figs. 3 and 4 are the
differences between winter and summer mixed layer
temperature and depth evolutions. Notice that the
scales differ for the summer and winter case. As ex-
pected, the mixed layer depth errors during winter are
much larger than during summer, whereas the errors
in the mixed layer temperature are much more pro-
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nounced during summer than during winter. The sen-
sitivity of the model predictions to erroneous atmo-
spheric forcing is a strong function of season.

The following general features are evident in Figs.
3 and 4. Random errors with a zero mean do not affect
the solution nearly as much as if there is a bias in the
forcing. This is particularly evident in either the under-
estimation or over-estimation of wind speed or cloud
cover. Adding (subtracting) a cloud bias will decrease
(increase) the amount of solar radiation received at
the surface and lead to larger (smaller) mixed layer
depths and lower (higher) mixed layer temperatures.
A positive (negative) bias in the wind speed will deepen
(shallow) the mixed layer, and result in an effective
decrease (rise) in the mixed layer temperature. Sys-
tematically higher (lower) dew point temperatures will
effectively reduce (increase) the upward heat flux from
the ocean and result in a warmer (colder) mixed layer,
and smaller (larger) mixed layer depths.

Another feature of Figs. 3 and 4 is the relative mag-
nitudes of the mixed layer depth and temperature dif-
ferences associated with the individual forcing param-
eters. Recall that the Gaussian error is proportional
to the observed standard deviation of each variable.
For these conditions, the relative errors in mixed layer
depth during winter are much larger for wind speed
errors than for the dew point temperature and cloud
cover. The relative magnitudes of mixed layer depth
errors during summer are also larger for the imposed
wind speed errors than for the other errors. Considering
both temperature and depth differences during sum-
mer, the model sensitivity to the imposed cloud cover
errors is larger than for the dew point temperature

Error Added

T T

05 06 07 08 09 10
Random Number

FIG. 2. Standard profile of errors added to the atmospheric forcing
variables. The positive bias case is the dashed line, the negative bias
case is the dotted line and the random error with zero mean is the
solid line.
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FIG. 3. Changes in well-mixed layer depth and temperature for winter 1965 varying cloud cover, wind speed and
dew point temperature. The positive bias case is the dashed line, the negative bias case is the dotted line and the
random error with zero mean is the solid line.
errors. These sensitivity tests give an indication of the For some forcing errors, the temperature differences

relative errors that might be expected in the region of grow steadily throughout the period, whereas the de-
Ocean Station Papa from errors in the specification of  partures from the control appear more episodic for
atmospheric forcing. other forcing variables. An example of the nearly linear
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FIG. 4. As in Fig. 3 except for the summer of 1965.

growth is the response to dew point errors during winter
(Fig. 3) or summer (Fig. 4). In the case of imposed
wind speed errors, the temperature differences rise rap-
idly and then are more uniform in time. This behavior
during winter is clearly related to the third power of

the wind speed in (1) and the passage of strong forcing
events. During summer the vertical redistribution of
heat in the column is governed alternately by (1) during
deepening events and by (2) during shallowing events.
The energy input due to wind mixing is manifest as
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an increase in the potential energy of the upper layer.
Wind mixing alone produces a larger density jump
across the base of the mixed layer. Although a positive
bias in the wind speed tends to set up a deeper mixed
layer, the process is self-limiting due to the increase
of stability below the mixed layer, which inhibits further
entrainment. An analogous explanation applies in the
negative bias case. By contrast, a change in the heat
flux is stored directly in the mixed layer as a change
in heat content. For example, the effect of surface cool-
ing is to constantly erode the buoyancy jump. Hence,
errors due to changes in the specification of heat flux
will tend to accumulate with time.

A rms error and average absolute error are calculated
at hourly intervals over the 15 days for each year.
Because of the large number of cases, and because a
rms or absolute error for each year rarely varied by
more than 20%, an average of the 17 years of rms
errors and absolute errors is given in Table 2 and 3.
During winter, changes in wind speed produce rms
errors in the mixed layer depth of over 25 m for both
the positive bias and the negative bias case. Changes
in dew point temperature, cloud cover, air temperature
and sea surface temperature produce the next largest
errors, respectively. During summer when sensitivity
is more likely to appear in the temperature predictions,
the changes in wind speed again produce the largest
errors. The model sensitivity to a one standard devia-
tion Gaussian error in the other forcing variables is
not as large. The average absolute error is consistently
near zero for any of the forcing variables for a random

TABLE 2. Root-mean-square and mean errors induced by deviations
in the atmospheric forcing variables and sea surface temperature for
the winter of years 1953-69. The depth errors are in meters and the
temperature errors are in degrees Celsius.

rms H rmsT Error H Error T
Positive bias
Cloud 7.69 0.01 -0.78 —0.00
Wind speed 38.87 0.04 —23.42 -0.03
SST 3.62 0.01 —1.67 -0.01
Air temperature 8.12 0.03 4.11 0.02
Dew point temperature  15.42 0.05 8.93 0.05
Random error with zero mean
Cloud 8.43 0.01 2.51 0.01
Wind speed 27.18 0.02 -2.25 -0.00
SST 2.01 0.00 -0.09 0.00
Air temperature 4.85 0.00 0.03 0.00
Dew point temperature 7.99 0.01 1.09 0.00
Negative bias
Cloud 11.46 0.02 5.71 0.01
Wind speed 36.75 0.06 22,78 0.03
SST 3.40 0.01 1.50 0.01
Air temperature 8.61 0.02 —4.01 -0.02
Dew point temperature 12,41 0.04 —6.05 -0.03
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TABLE 3. As in Table 2 except for the summer

rms H rmsT Emror H  Emror T

Positive bias
Cloud 0.80 0.07 —-0.06 -0.02
Wind speed 9.40 0.76 ~7.42 —0.68
SST 0.61 0.13 -0.44 —0.11
Air temperature 0.41 0.09 0.30 0.08
Dew point temperature 0.86 0.20 0.64 0.18

Random error with zero mean

Cloud 1.19 0.21 0.69 0.18
Wind speed 4.40 0.24 —0.61 —0.16
SST 0.29 0.02 0.00 0.00
Air temperature 0.18 0.01 -0.00 0.00
Dew point temperature 0.40 0.03 0.04 0.01

Negative bias
Cloud 2.03 0.52 1.54 0.44
Wind speed 6.33 0.56 4.77 0.48
SST 0.61 0.13 0.44 0.12
Air temperature 0.41 0.09 -0.30 —-0.08
Dew point temperature 0.78 0.16 —-0.54 -0.14

error with a zero mean. The positive bias and negative
bias cases have nonzero mean errors of approximately
the same magnitude, but of opposite signs. An excep-
tion to this systematic behavior is the case varying the
cloud cover during summer. Garwood and Adamec
(1982) showed that this midsummer period had a
maximum of cloud cover, frequently with values of
1.0. Since cloud cover must always be less than, or
equal to, 1.0, the addition of a positive bias had little
effect.

4. Effects of forcing error amplitude

These tests of mixed layer model sensitivity to the
atmospheric variables are somewhat qualitative be-
cause a specific error from Table 1 is applied. For
completeness, one would also like a quantitative es-
timate of the mixed layer model accuracy for a range
of uncertainties in the atmospheric forcing. The same
tests are repeated with the magnitude of the standard
deviation given in Table 1 multiplied by an “error
factor” of 0.5, 1.5 and 2. Since the difference between
model runs appeared primarily in errors in the winter
mixed layer depth and the summer mixed layer tem-
peratures, only the 17-year average of the cumulative
15-day errors is presented in Figs. 5 and 6.

As is the case of an individual year (Figs. 3 and 4)
changes in the wind speed affect the predictions of
mixed layer depth and temperature more than changes
in any other variable. The average mixed-layer depth
errors exceed 30 m with rms errors over 50 m, when
the wind speed standard error is multiplied by a factor
of 2. The corresponding mixed layer temperature errors
are 0.5°C for the random error and negative bias case,
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FIG. 5. Seventeen-year average of rms and mean mixed layer depth errors due to errors in cloud cover, wind speed
. and dew point temperature. The positive bias case is the dashed line, the negative bias case is the dotted line and the
random error with zero mean is the solid line.

but near 1.5°C for the positive bias case. Errors as- variations of 15 m are also evident in winter when
sociated with the air, sea surface and dew point tem- large dew point temperature errors are introduced and
perature variations generally are less than 0.5°C, even the corresponding rms errors are well over 30 m. Cloud
when the error factor is 2. Average mixed layer depth cover, air and sea surface temperature changes pro-
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duced average deviations of less than 10 m during
winter.

An important point needs to be made for each of
the variables in each of the test cases. There are no
distinct changes in slope of the average deviations when

plotted against uncertainty in the forcing. Indeed, ex-
cept for the wind error effect on the winter mixed layer
depth, the relationships are nearly linear. There
is no obvious cutoff point. Finally, notice that if the
random errors have a zero mean, there is little bias in
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the average mixed layer depth or temperature predic-
tions. Although such a random error in the forcing
may result in a temporary error in the ocean prediction,
one might expect some cancelling of the error ten-
dencies over model integrations of the length of these
tests.

Because of the important role of atmospheric forcing
for both OPBL and general circulation models, sen-
sitivity studies can provide useful information on the
effects of random errors in the input data on a model’s
predictive capability. Over data-sparse areas away from
weather ships and merchant ship tracks, the atmo-
spheric forcing will have to be provided by remote
sensing techniques. Within the limitations of the mixed
layer model used in this study, it appears that accuracy
requirements for these atmospheric forcing estimates
are quite stringent. These tests also indicate the relative
accuracy that is required for each of the atmospheric
forcing variables in ocean prediction. Given an ac-
ceptable error in either the mixed layer depth or tem-
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perature, one can quantitatively estimate the necessary
accuracy in the atmospheric forcing variable. For ex-
ample, to maintain the summer sea surface temper-
ature predictions accurate to within 0.25°C, it is nec-
essary to have an unbiased wind measurement to within
32ms !

It is also instructive to compare the magnitude of
the prediction errors due to errors in the forcing to
those due to uncertainty in the initial profile as in
Elsberry and Warrenfeltz (1982). The Elsberry and
Warrenfeltz (EW) study was repeated to include biases
as well as random errors in the initial profile temper-
atures, mixed layer depths and thermocline slope. In
addition, an error factor similar to above was used to
illustrate the effect of varying ranges of observational
errors in the temperature profiles.

The results for the winter mixed layer depth errors
and summer mixed layer temperature errors are shown
in Figs. 7 and 8. The effects of errors and biases in-
troduced into the initial profile have far less of an
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FIG. 7. Seventeen-year average of rms errors in winter mixed layer depth due to errors in the initial‘p.roﬁlej obtairiefl
by a last of 5 available profiles, an average of 5 profiles and a screen-average of 5 profiles. The.posmve .bla.s case is
the dashed line, the negative bias case is the dotted line and the random error with zero mean is the solid line.



APRIL 1984 DAVID ADAMEC AND RUSSELL L. ELSBERRY 779
3.0 - 3.0
2.5 lastof B 2.5 avg of b
) O
= 2.0 < 201
: 2
2 1.6- 2 1.5-
© ©
S 1.0 S 1.0
|-—
- 0.6 0.5 -
0.0 ; , , ; 0.0 ; ; ;
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
3.0
2.5 screened b
O
= 2.0
o
2 1.5-
©
S 1.0-
-
0.6
0.0 " v T
0.0 0.5 1.0 1.6 2.0

Error Factor

FIG. 8. As in Fig. 7 except for mixed layer temperature in the summer.

impact on the mixed layer depth predictions than do
the differences between the assimilation methods used
in EW to derive the initial profile. Most of the error
in all of the methods displayed in Fig. 7 is evident
even when the observational error is zero. The effect
of an additional random error in the initial temperature
profile is relatively small by comparison. As was the
case in the original EW study, using an assimilation
technique to obtain initial profiles is likely to produce
a much more reliable prediction for the mixed layer
depth than would occur if the last available profile was
used. For these studies, the differences between the
two methods of specifying the initial profile are 40
versus 8 m for the winter mixed layer depth and 0.3
versus 0.6°C for the summer mixed layer temperature.

5. Summary and conclusions

The results of including an error in the atmospheric
forcing input to an OPBL model can be summarized
as follows. First, the OPBL model is more sensitive to
atmospheric forcing in the mixed layer depth predic-

tions in the winter than in the summer. The errors
are consistent with the observed natural variability in
the ocean. That is, during winter when the mixed layer
is deep and the temperatures are low, the errors in
mixed layer depth predictions due to uncertainties in
the atmospheric forcing are relatively large, and the
errors in mixed layer temperature predictions are rel-
atively small. Conversely, during summer errors in the
mixed layer depth predictions become relatively small,
and the errors in the mixed layer temperature predic-
tions are relatively large. During winter or summer,
the model predictions of mixed layer depth or tem-
perature are most sensitive to a one standard deviation
Gaussian error distribution in the wind speed.

The amount of error that is introduced in a pre-
diction is necessarily a function of the uncertainty in
the atmospheric forcing. This error growth rate is dem-
onstrated by systematically increasing the errors as-
sociated with each variable in the atmospheric forcing.
Bias, whether positive or negative, in the variable is
more detrimental to the prediction than is a random
error of large magnitude with zero mean. The effect
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of imperfect initial profiles produces forecast errors in
the mixed layer depth and temperature comparable to
those errors produced by uncertainties in the atmo-
spheric forcing.

More studies of this type need to be done with other
models of the upper ocean to assess confidently ocean
predictability. The dramatic mixed layer shallowing
during spring is likely to be very sensitive to atmo-
spheric forcing (Elsberry and Garwood, 1978). The
sensitivity of an ocean thermal prediction model to
atmospheric forcing is very important since the date
of spring transition will generally determine the char-
acter of the mixed layer variables for the entire summer.
Not as dramatic, but certainly as important, changes
occur during fall as the mixed layer gradually returns
to a winter-type regime. Different locations in the ocean
are also likely to show varying sensitivity to atmo-
spheric forcing. It would also be useful to study the
sensitivity of the entire upper ocean thermal structure
to atmospheric forcing. Clancy (1979) indicates that
the errors tend to accumulate at the base of the mixed
layer, and thus may affect the temperature gradients
at the top of the thermocline. Finally, similar studies
could be done over a large area using a model capable
of handling both advective and mixing effects.
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APPENDIX A
Formulas

Formulas used to calculate the atmospheric forcing
for the Garwood (1977) mixed layer model; symbols
are defined in Appendix B.

ui = PCD|u|2 h
Qe = pCe(gs — @)yl
Qu=pCs(To — T,)
Qs = So(1 — k,C?)
Qp = 0Ty(ky — q"*X(1 — k3_C2)J

ul >
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APPENDIX B
List of Symbols

C cloud cover in eigths

Cp, Cg, Cs drag coeflicients for momentum, latent
and sensible fluxes (1.3 X 1073, 1.42
X 1073, 1.5 X 1073)

Cp specific heat of water

g acceleration due to gravity

h mixed layer depth

ki, ks, ks constants related to absorption of ra-

diation due to water vapor (1.105
X 1073, 7.8, 9.375 X 1073)

my, my mixing calibration constants (2.5, 1.0)
q, gs absolute humidity and saturated abso-
lute humidity
Ok, O, latent, sensible, short-wave and back
QOs, Op radiative heat fluxes
To, T4 ocean and air temperatures
T, T, ocean temperature and ocean tempera-

ture in absolute scale
S incoming solar radiation at the top of
the atmosphere

U, Us wind speed and friction velocity

o : coeflicient of thermal expansion

A Heaviside step function

05 Po density of air and seawater

G Stefan-Boltzman constant.
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