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Abstract

An objective technique which produces regularly spaced fields of
winds, temperatures, humidity, wind stress and sensible and latent heat
fluxes is developed. It combines in-situ Volunteer Observing Ship (VOS)
data and remotely sensed data from SEASAT during the analysis period, July
7 - October 10, 1978 for the north Atlantic. The objective technique is a
variational method which reduces a set of several constraints expressing
closeness to input data, climatology and kinematics. Analysis results are
presented for monthly and 5-day periods during the analysis period.

Seasonal (3 month) means of temperature, humidity, and flux
determined by the monthly and 5-day results are comparable. However, 5-
day wind results had much smaller errors than the monthly mean winds
averaged over the 3-month period.

Variability of the 5-day results indicates high variability of
temperatures, humidity, and heat fluxes in the vicinity of the Gulf Stream.
Sea surface temperature {SST) variability is high in the eastern Atlantic and
is coupled to wind driven ocean variability in the region.

Heat fluxes are coupled to and determined by various parameters. The
variations for both sensible and latent heat fluxes in the extra-tropics are
determined by the position and strength of the circulation of the semi-

permanent high pressure system. Some evidence is also found to indicate

xiii



dependence of SST on latent heat. In the tropics, the heat fluxes are
determined by a combination of factors, including zonal wind and SST.
Estimates of errors due to insufficient sampling and random data are
presented for the monthly results. The sampling and random errors in wind
stress are in the range of 10% - 20% of the mean values. For the sensible and
latent heat fluxes, the sampling errors are about half of those attributable to
random errors. Because of the difference operator used in diagnosing heat
fluxes, these fluxes are found to be more sensitive to the accuracies of

temperatures and humidity than accuracies of winds.
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1. INTRODUCTION

The exchange of heat and momentum between the ocean and the
atmosphere has been the subject of much study. Researchers have focused
on estimating the amount of energy passing across this boundary in order to
understand more fully the dynamic and thermodynamic variability of these
fluids. In the summertime (July-August) the solar input into the oceans
exceeds 200 W m2in northern extratropical regions. The ocean cools partly
due to latent heat release (evaporation) on the order of 100 W m-2 with
sensible heat flux adding or removing 10 W m2. Atmospheric wind forcing
imparts enough momentum on the ocean to drive large upper-ocean
currents such as the Gulf Stream and affects weather systems globally (El
Nifio for example). The question remains however: what are the spatial and
temporal variability of these fluxes: wind stress, latent and sensible heat; on
scales less than one season? Are there enough data to study successfully
these time scales? How will the availability of remotely sensed data make an
impact? These questions are the motivation behind this research. It is
expected that by analyzing objectively all available data in the North Atlantic
Ocean basin during a trial 95-day period, some insight can be obtained into
these concerns.

Wind stress is the primary forcing mechanism for ocean dynamics.
For the North Atlantic Ocean, the stress is dominated by an annual signal as

suggested by Thompson, et al. (1983) and by a series of papers examining
1



2
derivative fields of the wind stress (Barnier (1986); Ehret and O'Brien (1989);
Mac Veigh, et al. (1986); and Rienecker and Ehret (1988)). Good spatial
resolution wind information is particularly important in the mid-latitudes
where the internal radius of deformaticn is ~50 km. The role of the winds in
formation of eddies remains unresolved (Schmitz, et al. (1983)).

Sensible and latent heat fluxes comprise a large part of the ocean-
atmosphere heat exchange system, but models such as Semtner and Chervin
(1989) are constrained by a lack of adequate surface heat flux information and
instead constrain surface and interior model temperature and salinity values
to climatological values (Levitus (1982)). We need better estimates of surface
air-sea fluxes and some estimate of their uncertainty in order to better
ascertain their role in upper ocean thermodynamics (as well as in
atmospheric thermodynamics). The seasonal cycles of temperature and
salinity are very large in the extratropics (Levitus (1984)), and because the
thermocline is deep in mid-latitudes, variability in the mixed layer is more
responsive to local atmosphere forcings. Frankignoul and Reynolds (1983)
and Haney (1985) concluded that most SST anomalies in mid-latitudes are
generated by local anomalous atmosphere forcings. However, in the tropics,
where the thermocline is nct as deep, remote forcing plays a more dominant
role in mixed-layer characteristics (Schopf and Cane (1983)).

Some attempts have been made to examine the variability of the
wind/heat flux fields on synoptic scales for short periods(Willebrand (1978))
and at high temporal resolution at single points (Bean and Reinking (1978)
and Seguin and Kidwell (1979)), but until recently, there were no
information on fields with sufficient resolution in space and time to address

full temporal and spatial synoptic scale fluxes. Simonot and LeTreut (1987)
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investigated the quality of daily surface heat fluxes produced by the European
Centre for Medium range Weather Forecasting (ECMWF) prediction model
for the period 1983-1985. Although these fluxes had several inconsistencies
and a bias in the latent heat flux, the authors concluded the fluxes were
useful as thermodynamic forcing for ocean models. An analysis of a more
recent version of the ECMWF flux fields with higher resolution and
improved parameterizations determined that there were indeed
improvements in the latent and net heat flux, but that the short-wave flux
was degraded (Barnier, et al. (1989)).

National meteorological center model produced fluxes, like the
ECMWEF fields, have large inter-model variations Lambert and Boer (1988)
compared estimates of climatological winter and summer ocean-atmosphere
fluxes from 12 meteorological centers’ model results. Inter-comparison of
twelve different products projected onto a common grid provided an
estimate of how well the models as a whole replicate the known structure of
climatology. Zonally averaged inter-model standard deviation of surface
wind stress components and the climatology from Han and Lee (1981)
indicate the model southern hemisphere stresses are weaker than
climatology, especially in the southern summer. Variability in the tropics
according to the models is too small. Spatial maps of inter-model stress
variations show the climatological estimates and the model mean values
differ widely in several locations and climate zones.

Trenberth and Olson (1988) found significant disagreement between
NMC and ECMWF zonal averages of the east-west wind components over
the oceans for 1979-1986. In the Northern Hemisphere wintertime, the RMS

differences were 4-5 m s! while in the summertime these differences were
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2m s1. However, there was a marked improvement in the comparison
during the last year of the analysis, 1986, possibly reflecting model
improvements or perhaps an increase in similarity between the models.

Climatological fluxes for the North Atlantic have been established by
several people (Hantel (1971); Esbensen and Kushnir (1981); Leetma and
Bunker (1978); Bunker (1976); Han and Lee (1981); Hsiung (1986); Isemer and
Hasse (1987); Oberhuber (1988); Hastenrath and Lamb (1977)). Each revision
attempted an improvement in resolution or perhaps used a more
sophisticated or more contemporary flux parameterization. For example,
Isemer and Hasse (1987) updated the original Bunker atlas data by adjusting
the bulk formula coefficients to achieve similarity of the net annual
meridional oceanic heat transport as calculated from the fluxes and wind
stress to that calculated by direct methods.

Each of these climatologies qualitatively agrees on the seasonal cycle of
the North Atlantic fluxes, but differs (sometimes significantly) on the
quantitative values. Each relies primarily on the same data base; the ship-of-
opportunity or Volunteer Observing Ship (VOS) data collection.

The VOS data set is the only available set of in-situ surface marine
observations that includes all standard meteorological variables. Since
merchant shipping is still heavily used to transport goods across the oceans,
most of the Northern Hemisphere is fairly well sampled (see section 2). It
does not, however, readily lend itself for use in research of sub-monthly
variability. There are errors of various types including instrument errors,
measurement method errors, and transmission errors. Insufficient numbers
of reports to calculate mean values can also lead to significant aliasing due to

under-sampling the expected variability (Legler (1991)). Description of the



5
systematic errors in measurement, recording and other sources in VOS
winds are delineated in Pierson (1990) who suggests that VOS data are vastly
inferior to buoy data in determining synoptic scale wind fields. None the
less, there have been VOS-based products (Goldenberg and O'Brien (1981);
Legler and O'Brien (1985); Legler and O'Brien (1988); Picaut, et al. (1985))
which have been successfully used in numerous papers (Busalacchi and
O'Brien (1980); Busalacchi and O'Brien (1981); Busalacchi, et al. (1983); Inoue
and O'Brien (1984); Schott and Boéning (1991)) indicating there is useful
information in this type of data on monthly scales.

In addition to in-situ data from ships and buoys, surface winds and
SST data are available from satellites for specific time periods. Surface air-
temperature and surface humidity are not obtainable via remote sensing
because vertical profiles of temperature and humidity returned by satellite
instruments have insufficient vertical resolution in the boundary layer.

I will make use of surface wind speeds, vector winds, and SST
available during the SEASAT mission: July 7 - October 10, 1978 (see special
issues of Journal of Geophysical Research for collections of papers relating to
SEASAT mission: Volume 87, April 30, 1982; and Volume 88, February 28,
1983).

The microwave scatterometer (hereafter referred to as SASS) on
SEASAT was capable of determining vector winds at 19.5 meters height
accurate to = 2 m s1 and +20° (O'Brien, et al. (1982)). The SASS data have
proven to be effective in enhancing NWP models (Anderson, et al. (1991)).
Additionally, SASS data have also aided in analysis of intense cyclogenic
storms such as the QE II storm in the N. Atlantic, September 9-11, 1978

(Harlan and O'Brien (1986)). Other instruments, such as the scanning
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multichannel microwave radiometer (SMMR), and the microwave altimeter
(ALT), provide estimates of wind speed but not direction (some efforts are
underway to assign directions to these scalar values using model wind
direction - Atlas, et al. (1991)).

SST values from infrared and microwave imagers such as the
Advanced Very High Resolution Radiometer (AVHRR) or the SMMR on
board SEASAT, are accurate to about 0.5° to 1.2°C but are biased due to
atmospheric contaminants (Bernstein and Chelton (1985)). Additionally,
remotely sensed SST are biased cold because they return essentially the skin
temperatures which reflects evaporative cooling (Schluessel, et al. (1990)).

Direct determination of surface humidity (Q) has never been
successfully accomplished using satellite data, but there have been
alternative methods proposed. Liu and Niiler (1984) (and subsequently Liu
(1986)) proposed and tested a method whereby an empirical correlation
between total columnar water vapor W (precipitable water), which is
available from satellite radiometers, and Q, was established using radiosonde
reports from dozens of globally distributed locations. It allows for monthly
mean Q from satellite W but does not hold for shorter time periods.

Remotely sensed data from SEASAT will supplement VOS data in an
objective analysis technique to formulate monthly and 5-day mean fields of
winds, temperatures, humidity, wind stress, and sensible and latent heat flux
over the north Atlantic. By using this combination of VOS and remotely
sensed data to augment the spatial coverage and data density, it will be
demonstrated that it is possible to glean useful flux information on scales of

one month or less.
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It will be found that altimeter winds from SEASAT are detrimental to
the analysis scheme; however, data from other instruments is beneficial. The
monthly results are found to be only slightly better than the 5-day results for
temperatures, humidity, and heat fluxes. The winds and wind stress are
better in the 5-day results because of the nature of wind averaging. The
results of the objective analysis compare favorably with evaluation data
which include VOS means at locations that are well sampled, and an Ocean
Weather Ship data set. Variability of the 5-day results agrees well with
established patterns and also displays some intra-monthly variability
patterns that have not been quantified before. Heat fluxes in the North
Atlantic are correlated to the movement of the semi-permanent Bermuda
High which advects air of one particular characteristic (i.e. wet, dry, cold,
warm) into a regime of opposite conditions. In the tropics, the SST tends to
drive the heat fluxes, but in the mid-latitudes off N. America and near
Spain, there is evidence that latent heat plays some role in determining SST.
Error fields are presented for the monthly results. Sampling errors are larger
in wind stress than in heat flux.
Several data sets and the bulk method are described first in section 2.
The variational objective analysis scheme is introduced in section 3.
Sensitivity of the scheme and results of the objective analysis (section 4) are
discussed, and a detailed look at the variability of the results offers insight
into the intra-month variability of the surface fluxes (section 5).
Uncertainties in the winds, temperatures, humidity, and fluxes due to
random and sampling errors are shown to be different than previously
thought(section 6). Finally, a summary and conclusions section will recap

the findings (section 7).



2. DATA SETS

21 VOS and SEASAT Data

The period of July 7 - October 10, 1978 marked the advent of remote
sensing for oceanography. SEASAT was launched June 27, 1978, and even
though a short circuit rendered it inoperative after 100 days, this is the only
time period when remotely sensed ocean wind vectors are available for
analysis. There are also SST and wind speed data from additional
instruments on board. In order to examine the possibility of using in-situ
and remotely sensed data jointly to study flux variability, the North Atlantic
(Equator to 60°N, 80°W to 0°E) region will be the focus of this study because
of the higher density of VOS data. Data from the various sources and the
method used to calculate the ocean-atmosphere surface fluxes will be
described in this section.

The VOS data, as already described, are the set of all available surface
meteorological observations for the period July 7 - October 10, 1978 in the N.
Atlantic, Fig. 1. These number approximately 150,000 for this particular time
period and reflect higher sampling in the dominant shipping lanes in the
northern Atlantic basin (40°-60°N) and along the continental coasts as
compared to the data coverage in the tropical region (Equator to 30°N). The
VOS sea surface temperature (SST), air temperature (AT), dew point
depression (DPD), and eastward and northward wind components (U, V)

were obtained from the CMR5 COADS (Comprehensive Ocean Atmosphere
8
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Data_Set) (Slutz, et al. (1985)). All landlocked as well as flagged data outside a
wide envelope of variability were eliminated (see Slutz, et al. (1985),
Supplement C). Additionally, the VOS data were scanned to fall within the
following guidelines: SST, -5° to 40° C; AT, -10° to 40° C; dew point
temperature, -10° to 40° C; wind speed, 0 to 40 m s'1; and U,V, -40 to 40 m s1.
In 5 degree latitude-longitude boxes, values outside the 95-day mean * 3¢
were removed. Many VOS reports were not complete, and less than 100% of
the reports had observations for any particular variable: SST - 81%, AT -
98%, DPD - 64%, U,V - 94%. Specific humidity for air at some height, Q, and
at the sea surface, Qs, were calculated using standard thermodynamic
approximations (see Liu, et al. (1979)). Summarizing, the total number of
reports removed for each variable was generally less than 2%.

The remotely sensed data all originate from the various sensors on
SEASAT. The SMMR instrument is described in Njoku, et al. (1980). SST
values are on a 149-km. grid. Because of the sensitivity of specific frequency
bands used on this instrument, rain in the field of view contaminates the
SST values; likewise, problems exist for SMMR SST data within 600 km of
land and for those values when the sun glint angle was less than 20° (Lipes
(Ed.) (1980)) - all of these questionable data were not used. In a typical 30-day
period, 15,000 SMMR SST observations are available, but are limited to those
regions at least 600 km from land.

The SMMR instrument also returns 19.5 m height wind gpeed values
(neutrally stable) on an 85 km. grid spacing. All data at least 600 km. from
land with no sun glint angle less than 20° and no rain detection are used

(same reasoning as previously discussed; see Wentz, et al. (1982)). Coverage
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is better (due to increased resolution) with 50,000 observations in a typical
30-day period.

The SEASAT altimeter also has the capability of estimating the 19.5 m
height neutral wind speed at the nadir location. The size of the cell is quite
small: 3-30 km depending on sea state (see Townsend (1980) for a technical
description). Coverage is 90 -150 thousand observations in a typical 30-day
period.

Lastly, the SEASAT-A Satellite Scatterometer (SASS) provides
neutrally stable wind vectors at 19.5 m height over the open ocean on a 100
km grid with dual swaths on either side of the satellite path: 200 - 800 km
off-nadir. The original SASS vectors had a variety of systematic errors due to
incorrect model parameterization and were biased high (Wentz, et al. (1984);
Wentz (1986)). Additionally, the SASS vectors were actually a collection of
up to four wind vectors for every SASS cell, each vector with nearly the
same magnitude, but different directions, or ‘aliases’, with a recommended
alias selection. Thus it was necessary to select the ‘best’ alias. The data used
in this study are the reprocessed SASS data from Wentz (1986) with aliases
chosen by the method presented in Kalnay and Atlas (1986).

Correlations between the SASS and VOS winds generally exceeded
0.75 except in the northwest Atlantic; 55°W, 40°N where the eastward wind
correlations were considerably less than 0.5. No reason could be found for
this regional discrepancy.

It is well documented that remotely sensed data tend to have errors in
them that are not random in nature. SEASAT data are no exception. The
SMMR SST was biased high by 0.5 to 0.75°C according to most reports (Lipes,
et al. (1979); Bernstein (1982); Bernstein and Morris (1983); Njoku, et al.
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(1980)). In reaffirming this, the SMMR SST values were scanned to match
ship data within £30 minutes and within 100 km. If more than one SMMR
SST value were within this window, the'y were averaged together to form a
super-observation; 890 such pairs of data were found and examined, Fig. 2.
The mean bias (bias is hereafter defined as the in-situ mean - satellite mean)
was -0.72°C and had a 1 standard deviation about this mean of 2.27°C.
SMMR SST was particularly higher than comparable ship observations in
the range cooler than 20°C. Correlations between the bias pair data and
various atmospheric conditions as well as the distance between data pair
points and time difference were low and did not explain any significant
portion of the bias. There was some variation in time of the bias values - the
maximum bias occurred in the middle third of the mission (bias=-1.2°C),
which agrees with findings by Bernstein and Morris (1983) in which they
attribute this temporal variation of SST bias to strong summertime surface
warming which can be detected by the surface sensing SMMR, but not by
ordinary ship intake temperature sensors which are located a few meters
below the water line. SMMR SST comparison to co-located SST data from
Ocean Weather Ship (OWS)-L at 57°N, 20°W (see Diaz, et al. (1987) for
additional info on OWS data) gave a mean bias of -2.0°C; this location is an
area of cooler SST, hence higher bias values as already mentioned.

SMMR wind speeds are also biased high, -2.1 m s! with a 3.4 m s
standard deviation about the mean. The bias is highest at low wind speeds,
(less than 10 m s1), Fig. 3, which is similar to findings in Lipes (1982)
particularly to their comparison of SMMR to JASIN data in the Gulf of
Mexico. Additionally, there is a time dependency noted in the SMMR wind

speed bias indicating a decreasing bias with mission duration. Explanation of
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this by an increase in mean wind speed and therefore a bias decrease is not
possible since the mean wind speed increases ohly 0.5 m s - not enough to
generate such a large improvement in the bias values.

Altimeter winds had the poorest quality of all the SEASAT wind
products. The mean bias was 0.4 m s'! with a standard deviation of 2.7 m 57,
but the bias is a very strong function of wind speed (Fig. 4) indicating
overestimation of low wind speeds and underestimation of high wind
speeds. The bias scatter increased with latitude due to the higher wind
speeds at higher latitudes. Wentz, et al. (1982) found an ALT bias of about
+1.6 m s to in-situ measurements and a 3.3 m s! bias to SASS wind speeds
(ALT wind speeds too low). Additionally Chelton and McCabe (1985) found
similar results, but looked only at speeds greater than 4 m s1. As noted in
Chelton, et al. (1981) and Chelton and McCabe (1985), the altimeter wind
speed algorithm produced a non-physical histogram of wind speeds because
of an incorrect processing algorithm. The SEASAT altimeter wind speed
measurements are very suspect.

For the Wentz processed SASS data used in this study, the mean bias
for both the U and V wind components was 0 with a standard deviation of
2.9 m s, Fig. 5. There were no significant trends in the bias with time nor
any correlation between the bias and the tested parameters such as
temperature, humidity, etc., but there was a distinct difference noted when
VOS reports indicated calm winds - SASS winds were sometimes
remarkably different from calm.

For each of the satellite data sets, the mean bias for the entire time

period, as detailed in Table 1, was subtracted from each satellite data value.
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Table 1. Results of matching and mean
remotely sensed and VOS data in
analysis period.
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bias calculation between
the North Atlantic for the

Number of matches of VOS data | Mean bias correction added to
within 100 km and +30 minutes of each satellite value
remotely sensed
superobservation
SMMR SST 890 -0.72°C
SMMR Wind Speed 1394 2.19ms1
ALT Wind Speed 858 +040ms’!
SASS Wind Vector 2681 +0.00ms!







