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ABSTRACT

Measurements of boundary layer moisture have been acquired from Rotronic MP-100 sensors deployed on
two National Data Buoy Center (NDBC) buoys in the northern Gulf of Mexico from June through November
1993. For one sensor that was retrieved approximately 8 months after deployment and a second sensor that was
retrieved about 14 months after deployment, the pre- and postcalibrations agreed closely and fell within WMO
specifications for accuracy. A second Rotronic sensor on one of the buoys provided the basis for a detailed
comparison of the instruments and showed close agreement. A separate comparison of the Rotronic instrument
with an HO-83 hygrometer at NDBC showed generally close agreement over a 1-month period, which included
a number of fog events. The buoy observations of relative humidity and supporting data from the buoys were
used to calculate specific humidity. Specific humidities from the buoys were compared with specific humidities
computed from observations obtained from nearby ship reports, and the correlations were generally high (0.7—
0.9). Uncertainties in the calculated values of specific humidity were also estimated and ranged between 0.27%
and 2.1% of the mean value, depending on the method used to estimate this quantity.

The time series of specific humidity revealed three primary scales of variability: small scale (of the order of
hours), synoptic scale (several days), and seasonal (several months). The synoptic-scale variability was clearly
dominant; it was eventlike in character and occurred primarily during September, October, and November. Most
of the synoptic-scale variability was due to frontal systems that dropped down into the Gulf of Mexico from
the continental United States, followed by air masses that were cold and dry. One particularly intense event on
30 October 1993 was chosen for a more detailed analysis in terms of the characteristic return-flow cycles that
occur in the northern Gulf of Mexico during fall and winter. Finally, cross-correlation analyses of the buoy data
indicated that the prevailing weather systems generally entered the buoy domain from the south prior to Sep-

tember; thereafter, they became more coherent and tended to enter the region from the north.

1. Introduction

The acquisition of meteorological observations with-
in the marine boundary layer has always posed unique
problems due to the proximity of the ocean surface to
the sensor location and the constant state of motion of
the surface itself. Atmospheric humidity has been a par-
ticularly difficult parameter to measure near the ocean
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surface. First, it is difficult to protect humidity sensors
from salt spray that accumulates over time and conse-
guently degrades calibration accuracy; second, humidity
sensors must be adequately protected from excess heat-
ing due to incoming solar radiation; and finally, hu-
midity sensors must recover from periods of saturation
rapidly and without change to their calibration (Coantic
and Friehe 1980).

Since atmospheric moisture is a difficult parameter
to measure accurately over the ocean, it isnot surprising
that it has been even more difficult to acquire obser-
vations of boundary layer moisture from unattended in-
struments for extended periods of several months or
more. Recently, however, a number of humidity sensors
were evaluated for possible use in measuring atmo-
spheric moisture in the marine environment (e.g., Sem-
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mer 1987; Muller and Beekman 1987; Crescenti et al.
1990; Katsaros et al. 1994).

Because of the continuing need for long-term mea-
surements of moisture within the marine boundary layer,
the National Data Buoy Center (NDBC) evaluated the
Rotronic MP-100 humidity sensor for possible deploy-
ment on their moored ocean data buoys, based on prom-
ising test results from Muller and Beekman (1987) and
Semmer (1987). Initial field tests were conducted along
the U.S. west coast in 1989. A Rotronic humidity sensor
was installed on a Coastal-Marine Automated Network
(C-MAN) station at Point Arguello, California. Calcu-
lated dewpoint temperatures following fog events were
in general agreement with those reported at nearby Van-
denberg Air Force Base and showed high correlations
between saturation events and restricted visibilities in
fog. After a4-month evaluation, Rotronic humidity sen-
sors were introduced on several NDBC buoys and C-
MAN stations along the California coast. Initialy, sev-
eral gross failures occurred within weeks after instal-
lation. A gross failure occurred when reported relative
humidities either 1) exceeded 106%,* 2) remained at, or
exceeded, 100% for aday or more after satelliteimagery
indicated fog dissipation, or 3) disagreed by 30% or
more with nearby reportsfor values of relative humidity,
which were typically less than 30%.

These failures led to several improvementsto the Ro-
tronic sensor and itsinstallation aboard the NDBC buoy
platforms. First, the cabling from the sensor to the on-
board electronic payload was replaced. The original ca-
bles had inadequate insulation, and cable flexing often
produced large calibration shifts. Second, the method
of calibration was improved twice. The first improve-
ment consisted of exposing the sensor to a series of
different saturated salt solutions in closed flasks and
then comparing the observed relative humidities to the
known equilibrium vapor pressure of water at the ob-
served temperatures for these solutions. Test flasks with
relative humidities ranging from 11% to 96% were used.
Then, when this method proved tedious, NDBC pur-
chased a chamber with better humidity regulation and
one that is now traceable to the National Institute of
Standards and Technology. These improvements led to
significantly greater measurement accuracy and sensor
reliability. As a result, these instruments have been in-
stalled on a number of NDBC buoys since 1989, con-
comitant with improvements in their performance.

As a basis for this study, hourly measurements of
relative humidity and other supporting environmental
data were acquired from two NDBC buoys in the Gulf

1 This value was chosen based on NDBC's experience with the
HO-83 hygrometer. Since the Rotronic sensor can read up to 103%
in fog and recover comparably with the HO-83 following periods of
fog, an error limit somewhat higher than 103% was chosen. See the
appendix for a comparison between the Rotronic and the HO-83
humidity sensors.
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FiG. 1. The locations of NDBC buoys at stations 42019 (27.9°N,
95.0°W) and 42002 (25.9°N, 93.6°W) are shown together with col-
located circles within which ship reports for search radii of 150 km
were acquired. The distance separating the buoys is 263 km.
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of Mexico (Fig. 1), which were equipped with the im-
proved Rotronic MP-100 humidity sensors for the pe-
riod 5 June-30 November 1993. A second Rotronic sen-
sor was also deployed on the buoy at 42002, providing
the basis for a further evaluation of these instruments.
Initially, details of the sensor calibration, deployment,
and reliability are addressed. Then the relative humidity
and the supporting data are used to calculate specific
humidities at the buoy sites. Validation for these mois-
ture observations rely, in part, on reports from nearby
ships and fixed platforms. A number of synoptic events
occurred during the measurement period, which pro-
vided an opportunity to examine the response of the
instrument to these events. Additionally, surface fluxes
of heat and moisture using bulk parameterizations plus
selected wave parameters were cal culated from the buoy
observations and are reported elsewhere (Breaker et al.
1998, manuscript submitted to J. Mar. Syst.).

2. Instrument description
a. Background

The Rotronic MP-100 humidity sensor has been under
development since about 1980. Although the initial de-
sign was fragile and susceptible to contamination (Crane
and Boole 1988), later versions of the instrument have
proven to be more rugged and less sensitive to contam-
ination. The Rotronic MP-100 is classified as a thin-
film capacitive polymer sensor (Crescenti et al. 1990).
The operation of the instrument’s transducer is based
on the principle of capacitance change as the polymer
absorbs and desorbs water vapor. A Gore-Tex filter cov-
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ersthe transducer and allows water vapor (but not liquid
water) to pass through it. Contaminants reduce the pas-
sage of water vapor through the filter, which can lead
to erroneous reports of saturation following high-mois-
ture events. As a result, the filter must be kept clean
(van der Meulen 1988). Laboratory tests at NDBC have
indicated that the time constant for this instrument is
about 20 s, even at low wind speeds. The time constant
appropriate for calculating specific humidity, however,
depends on the time constant for the temperature sensor
and is approximately 2 min. Although the Rotronic M P-
100 sensor has been used with relative success to mea-
sure moisture in the marine boundary layer, certain re-
sults have indicated that earlier versions of this instru-
ment may have suffered from hysteresis after periods
of high relative humidity (Katsaros et al. 1994).

b. Deployment

Rotronic humidity sensors were installed on two
NDBC buoys in the Gulf of Mexico located at 27.9°N,
95.0°W (station number 42019) and at 25.9°N, 93.6°W
(station number 42002) (Fig. 1). A second Rotronic in-
strument was installed on the buoy at 42002 as a backup
“test” package. Figure 2 shows a photograph of the
instrument and the solar radiation shield to which it is
connected. The solar radiation shield is a commercial
unit model 41004 manufactured by the R. M. Young
Company. The Rotronic sensors on each buoy are pas-
sively aspirated since power limitations preclude active
aspiration. The sensor on 42019 was installed on 4 May
1993; the sensors on 42002 were installed on 4 June
1993. The Rotronic sensor at 42019 was located at a
height of 3.9 m above the water line on a6-m NOMAD
buoy that points in the direction of the prevailing wind
and waves. The Rotronic sensors at 42002 were located
onacircular railing 3.5 m apart at a height of 9 m above
the water line on a 10-m discus buoy. This buoy has
no pointing preference and so is essentially omnidirec-
tional. Diagrams of the buoys and the arrangement and
spacing of instruments on each are shown in Figs. 3
(42019) and 4 (42002). The bottom depth at station
42019 is approximately 120 m, and at station 42002 it
is approximately 3200 m.

c. Calibration

Figure 5 shows pre- and postcalibration data for the
Rotronic instrument installed on 42019 and the ‘“‘test”
instrument installed on 42002.2 These calibrations were

2 One of the Rotronic sensors on 42002 provided operational data
throughout itslife history. We refer to this sensor asthe *“ operational ™’
instrument on 42002, whereas the second instrument on 42002 re-
ported through a separate test payload and has primarily been used
as a basis for comparison with the operational unit. We refer to this
instrument as the “‘test” unit.
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FiG. 2. Photograph of Rotronic Model 41004 sensor probe and the
associated Young Multi-Plate Radiation Shield.

performed at a fixed temperature. Since the Rotronic
sensor compensates for changes in temperature, its out-
put is adjusted accordingly. Consistent with recommen-
dations from the manufacturer, we have applied alinear
fit to the calibration data. Also, the solar shielding was
removed before the postcalibrations were performed be-
cause the shields did not fit inside the chamber. How-
ever, the calibrations were done with the filter in place
since that is where accretion from salt spray occurs.
These sensors were calibrated just prior to their de-
ployment on each buoy. The sensor on 42019 functioned
normally until it was retrieved in January 1994. When
the sensor at 42019 wasrecalibrated (March 1994), there
was a calibration shift of less than 2%. Most of this
shift occurred at relative humidities of 70% or less. Both
the pre- and postcalibrations for 42019 agreed with the
reference values and fell within the WMO accuracy
standards (shown by the dashed linesin Fig. 5), which
require accuracies of +5% for relative humidities up to
50%, and +2% for relative humidities above 50%
(WMO 1983). The test Rotronic sensor at station 42002
also operated continuously during the overall measure-
ment period and was removed and recalibrated in Au-
gust 1994. The pre- and postcalibrations for that in-
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FiG. 3. Sensor locations on the NOMAD buoy located at 42019.
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the postcalibration at relative humidities above 80%.
VEEZ&'ED DACT WIND
SENSOR
VEEP WIND d. Reliabilit
o SR y
EEPAR TEMPERATURE Since the Rotronic sensors were first installed on
SENSOR - NDBC buoys along the West Coast, their reliability has
DACT RELATIVE . . .
HUNIDITY SENSGR steadily improved. Figure 6 shows the percentage of
COMPASS T instruments that survived more than 6 months as afunc-
tion of the year the sensor was deployed. This per-

oal
LIGHTS

SOLAR PANELS

FiG. 4. Sensor locations at the 10-m platform level on the 10-m
discus buoy located at 42002. DACT and VEEP refer to the two
sensor payloads that were on board. Most of the data presented in
the text with the exception of the second hygrometer (referred to as
“test” in the text) was from the DACT sensor payload.

centage increased from 18% in 1990 to 60% between
1992 and 1994 because of improved cabling and cali-
bration. The mean time between failures for sensors
deployed since 1991 is 8 months. Thus, it has not been
possible to obtain useful postcalibration data for the
Rotronic instruments that have been deployed in most
cases because NDBC isusually only ableto serviceeach
buoy every 12—-24 months. Figure 7 examines these per-
centages based on buoy hull type. The survival per-
centages on the small buoys are almost identical to those
on the larger 10D buoys even though exposure of the
sensor to salt spray is obviously greater on the 3D and
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Fic. 5. Pre- and postcalibration data for the Rotronic humidity
sensors installed on the buoys at stations 42019 and 42002 just prior
to, and just following, the period of observation (5 June-30 November
1993). The dashed lines indicate the accuracy limits established by
the WMO for humidity sensors. Pre- and postcalibrations for both
sensors fall within the specified limits.

the 6N buoys. This survival pattern has not changed
with time and is significant because most of the new
buoys that are being deployed by NDBC are either the
3D or the 6N hull types.

3. Data acquisition and analysis
a. Acquisition

The following environmental parameters were ac-
quired from the buoys at stations 42019 and 42002:
barometric pressure, 8-min-average wind speed and di-
rection, air temperature, sea surface temperature, and
relative humidity (surface gravity wave spectra were
also acquired at each buoy but are not reported here).
The winds at 42019 were acquired at an elevation of
4.9 m, air temperature at 3.7 m, and humidity at 3.9 m
above the surface. The winds at 42002 were acquired
at an elevation of 10.0 m, air temperature at 9.6 m, and
humidity at 9.0 m above the surface. Wind speed, air
temperature, and specific humidity (calculated from
barometric pressure, temperature, and relative humidity)
at both buoys were scaled to a reference height of 10
m using standard logarithmic profile relations (e.g., Pa-
nofsky and Dutton 1984). To accomplish the scaling, a
parameterization for the required roughness length z,
employed a Charnock constant of 0.0185 (Wu 1980).
Near-neutral conditions for stability within the surface
boundary were assumed throughout. Barometric pres-
sure at the buoys, which was measured at sea level (0
m), was converted to a height of 10 m using the hy-
drostatic equation. The observations were acquired
hourly and extend from 0000 UTC 5 June to 2300 UTC
30 November 1993, spanning a period of nearly 6
months. Less than 0.5% of the data did not meet
NDBC's standards for quality control® or were missing.

3 Quality control of humidity data at NDBC includes automatic
flagging of the data for which the relative humidity (RH) is less than
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Fic. 6. Reliability of the Rotronic sensors deployed on various
NDBC buoys is indicated by the percentage of instruments that sur-
vived for more than 6 months as a function of the year when the
sensor was deployed. See text for additional information.

In these cases, previous values were either repeated or
linear interpolation was used to fill in the missing data
or to replace erroneous data in order to complete the
time series. (Interpolated values were not used in mak-
ing the detailed comparisons between the specific hu-
midities derived from the two Rotronic sensors on
42002, however. In this case comparisons were made
only when observed values were available from both
instruments.) Sea surface temperature is measured
through the hull at a depth of 1 m by a thermistor in-
sulated from the interior hull environment.

b. The moisture calculations

Specific humidities were calculated according to Gill
(1982), where the specific humidity of the air is given
by

g, = (0.62197e,)/(P — 0.378¢,),

and the specific humidity at the ocean surface is given
by
d, = (0.62197e,)/(P — 0.378e,),

assuming that the air is saturated at the surface. Here,
g, and q,, are expressed in grams of water vapor per
kilogram of moist air, e, represents the vapor pressure
of air (hPa), e, is the vapor pressure (hPa) at the tem-
perature of the ocean surface, and P is the barometric
pressure (hPa) at sea level.

In turn, e, is calculated according to

e, = RHe,/100.0,
where RH is the relative humidity in percent, and e, is

0% or greater than 102%, and a time continuity check for which the
change in RH must be less than or equal to 25% per hour. Temper-
ature—dewpoint inversions are also flagged. Finaly, all flags that are
raised automatically are checked manually (T. Mettlach 1996, per-
sonal communication).
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FiG. 7. Survival percentages as a function of hull type. The number
of instruments used in the cal culations for each time period are shown
in parentheses. Note that the survival percentages for the smaller 3D
and 6N buoy hull types are ailmost the same as for the larger 10D
buoy hull type.

the saturation vapor pressure of the air at 10 m (List
1966); e, is computed from

e, = K x 10°[1.0 + 1.0 X 10-°P(4.5 + 0.0006T2)],

where T, is the sea surface temperature (°C), v is com-
puted from

v = (0.7859 + 0.03477T,)/(1.0 + 0.00412T.),

and K is areduction factor for saturation vapor pressure
over seawater. At a salinity of 35 parts per thousand
(assumed here), K is taken to be 0.98 (Kraus and Bus-
inger 1994). The formulas and coefficients given above
are primarily based on information contained in the
Smithsonian Meteorological Tables (List 1966).

4. Results
a. Validation

NDBC has compared the Rotronic humidity sensor
to an HO-83 hygrometer to determine how comparable
the Rotronic’s measurements were to one that is in op-
erational use. Collocated humidity measurements were
acquired for 1 month, a period during which 12 fog
events occurred. Details of this comparison are pre-
sented in the appendix. The comparison was not per-
formed to determine absolute accuracy, but to show
comparability. Both instruments gave similar results
overall; however, in two cases where the Rotronic in-
strument was saturated by fog for extended periods, it
took 2—3 h longer for this sensor to recover than it did
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TABLE 1. Cross and autostatistics for the two Rotronic humidity
sensors on 42002 and for 42019. All humidity values have been
converted to specific humidity (gm kg=%). The rmsd is the root-mean-
square difference, and N is the sample size.

Autostatistics
42002 42002

Parameters (operational) (test) 42019
N 4264 4219 4296
Mean 17.13 17.57 18.42
Standard deviation 3.01 3.03 3.87
Standard deviation 462 X 1072 4.66 X 102 5.90 X 102

of the mean (0.269%) (0.265%) (0.320%)
Minimum value 5.53 5.76 4.62
Maximum value 21.04 21.82 23.59
Cross statistics

between two sensors on 42002
N 4209
Bias (new—original) 0.438
Standard deviation 0.354
rmsd 0.563
Correlation coefficient 0.9928

for the HO-83 hygrometer. Because no reference data
were available during the measurement period, it is not
clear which instrument performed better during these
periods of saturation.

To initialy validate the measurements made by the
Rotronic humidity sensors on the buoys, the two in-
struments deployed on the buoy at station 42002 have
been compared. The results, given in terms of specific
humidity, are summarized in Table 1. The mean differ-
ence or bias between the instruments over the entire
measurement period is 4.38 X 10~* gm kg%, or about
2.5% of the mean value, and the root-mean-square dif-
ference is 5.63 X 10-* gm kg~*. The linear coefficient
of correlation between the specific humidities from the
two instruments is 0.993 and is highly significant. Al-
though close agreement was expected, this does not pre-
clude the possibility that both instruments experienced
similar systematic errors. It should be noted that the
postcalibration of the test instrument on 42002 satisfied
the WMO standards for accuracy, and, therefore, any
systematic errors experienced would have been very
small.

To estimate the error variance or uncertainty in the
humidity measurements, we have used two independent
approaches (Table 1). First, the uncertainties were es-
timated by calculating the standard deviation of the
means for each record (one from 42019 and two from
42002). We could have started with the uncertaintiesfor
barometric pressure, air temperature, and relative hu-

—

Fic. 8. Scatterplots comparing specific humidities from each buoy with specific humidities reported by nearby ships located within
175 km of each buoy. Numbers in the scatterplots indicate the number of times that repeated matchup values of specific humidity

occurred.
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midity, and then propagated these values through the
equations that were used to cal cul ate specific humidity.*
However, as shown by Taylor (1982), an equivalent and
simpler approach in our case was simply to calculate
the standard deviation of the mean values of specific
humidity directly. These values range from 0.27% to
0.32% of the mean specific humidities. An entirely dif-
ferent approach to estimating the uncertainty in specific
humidity, based on the data acquired at 42002, is to
calculate the standard deviation of the differences be-
tween the two collocated instruments, which were pre-
sumably measuring the same moisture field. This cal-
culation yielded a value of about 3.5 X 10-* gm kg—*
(approximately 2.1% of the mean values involved). Our
preference lies with the latter value due to the manner
in which it was obtained.

To provide an independent measure of validation for
the observations of moisture acquired from the buoy-
mounted Rotronic humidity sensors, we have made
comparisons of the buoy data (using the one sensor on
42019 and the “operational’ sensor on 42002) with
measurements of boundary layer moisture acquired
from selected ships and fixed platforms (primarily oil
rigs) in the surrounding area. The majority of ship re-
ports came from two NOAA research vessels(OREGON
Il and CHAPMAN), which were at sea in the Gulf of
Mexico during the study period. Each vessel was
equipped with wet and dry bulb thermometers and used
standard WMO data collection and reporting proce-
dures.

All of the reported moisture values obtained from
the ships and fixed platforms were converted to spe-
cific humidities for direct comparison with the cal-
culated specific humidities from the buoys. Since the
observing heights of the moisture measurements
aboard ship were not known in a number of cases, no
adjustments to a standard height were made for either
the ship reports or the buoy measurements. The ob-
servations from each source were matched to within
1 h in time and were made over a range of search
radii from each of the buoys (we refer to these
matched pairs of ship/platform reports and buoy ob-
servations as matchups, hereafter, and no attempt was
made to further stratify these data according to weath-
er type). The search radii were increased in 25-km
steps from 50 out to 300 km for each buoy. The choice
of search radii was based on 1) an e-folding corre-
lation distance for specific humidity of approximately
800 km in the northern Gulf of Mexico (see the fol-
lowing section for details) and 2) the need for ade-
quate sample sizes. Figure 1 shows matchup circles

4 See Gilhousen (1987) for estimates of accuracy for barometric
pressure, air temperature, and sea surface temperature. According to
the manufacturer, the accuracy for RH is =1.5% at 40°C for 0 = RH
= 100, =1.3% at 20°C for 0 = RH = 100, and *+2.0% at 0°C for
0 = RH = 100.
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TABLE 2. Comparisons of specific humiditiesat NDBC buoys 42019
and 42002 (DACT payload) with those computed from nearby ship
and fixed platform observations at various radii from each buoy.

Range  Sample Bias rms Correlation
(km) size (gm kg)* (gm kg)~*  coefficient
Station 42019
50 49 0.43 133 0.932
100 170 0.59 1.66 0.893
150 326 0.89 2.00 0.868
200 472 0.81 2.04 0.867
250 622 0.73 2.00 0.867
300 733 0.67 2.02 0.852

Station 42002
50 8 —1.67 2.20 0.780
100 33 -1.32 2.23 0.550
150 101 —1.46 2.76 0.712
200 166 —-0.98 2.37 0.728
250 333 —-0.84 2.14 0.786
300 580 -0.71 2.24 0.780

for each buoy with search radii of 150 km. Scatter-
plots for matchups within a search radius of 175 km
of each buoy are shown in Fig. 8. Biases, rms dif-
ferences, and correlations between the buoys and the
ship reports are given in Table 2 for search radii of
50 to 300 km (in 50-km steps). The statistics become
repeatable (i.e., stabilize) at sample sizes of the order
of 300, which correspond to search radii of 150 and
250 km for buoys 42019 and 42002, respectively. In
all cases where sample sizes exceeded 33, the cor-
relation coefficients between the buoys and the ship
reports exceeded 0.70 and were statistically signifi-
cant at the 99% level of confidence. Although the
values of moisture obtained from the buoy at 42019
on average tend to be slightly higher than the ship
reports (indicated by the positive biases), the opposite
istruefor the operational sensor on buoy 42002. Also,
the rms differences are slightly higher and the cor-
relations lower for the sensor on buoy 42002. Because
the differences between the buoy and the ship reports
are only slightly greater than, but still of the same
order as, the height adjustments that could have been
applied, if the observing heights had been available,
we can make no definitive statement concerning their
significance.

In 1986, Katsaros et al. (1994) conducted field tests
on anumber of humidity sensors including the Rotronic
MP-100 instrument. Hysteresis was found to occur for
mean humidities following high-moisture events for the
Rotronic MP-100 instrument. The greatest differences
between the Rotronic sensor and a reference psychrom-
eter occurred at relative humidities less than 70%, par-
ticularly after periods of high relative humidity. The
Rotronic sensor apparently required timeto dry out after
periods of high moisture. Finally, a bias of 8% between
the Rotronic MP-100 and a reference psychrometer was
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not due simply to a calibration error but was attributed
in part to hysteresis by the sensor.

To address the problem raised by Katsaros et al., we
first looked for periods of high relative humidity in our
data. Cumulative distributions of relative humidity for
each buoy (not shown) indicate that only about 8% of
the data from either buoy have relative humidities that
exceed 90%, and only about 2% of the data exceed 95%.
Overall, very few periods of identifiable rain occurred
during the study period, and those periods that could
be identified did not coincide precisely with any of our
ship reports. To examine the hysteresis problem ade-
quately with our data would have required locating
matchups that occurred within a narrow window of sev-
eral hours following clearly defined high moisture (i.e.,
saturation) events and, as indicated, no such matchups
were found. Our comparisons with the ship reports
above, however, showed only small biases (3.6% for
42019 and —4.1% for 42002). If hysteresiswas aserious
problem, we might have expected both biases to be pos-
itive (i.e., buoys to be higher than the ship reports) due
to the fictitiously higher values that persisted during the
periods when the instrument should have already re-
covered. This result, of course, was also influenced by
the fact that high relative humidities (greater than ap-
proximately 95%) were an unusual occurrence in our
data. In summary, our data are not adequate to address
the hysteresis problem raised by Katsaros et a. (1994).
However, based on the limited data available, no evi-
dence for a significant hysteresis problem could be
found for the Rotronic sensors deployed on buoys 42019
and 42002. Also, the observations presented by Katsaros
et al. were acquired in 1986, and several improvements
were made to the instrument by the manufacturer in the
late 1980s including 1) a change to the polymer to im-
prove its ability to resist a variety of contaminants and
2) the filter was changed from steel to Gore-Tex to pre-
vent penetration of salt particles (F Fetkowitz 1996,
personal communication). Finally, based on the results
of Visscher and Schurer (1985), Muller and Beekman
(1987), and Hundermark (1989), hysteresis problems
were not previously found with the Rotronic MP-100
instrument.

b. Temporal variability of environmental parameters

Sea level pressure, wind speed, wind direction, sea
surface temperature, air temperature, and relative hu-
midity were acquired directly from sensorson the buoys.

5 The problem raised by Katsaros et al. is not unrelated to the
results presented in the appendix, where it was shown that in afew
cases when the instrument was saturated for extended periods, re-
covery from saturation was slower than that demonstrated by an
independent hygrometer. However, as indicated in the appendix, it
is not clear whether the Rotronic sensor or the HO-83 was at fault
in this situation.
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Time series plots of the first five parameters are shown
in Figs. 9 (42019) and 10 (42002). All atmospheric ob-
servations were adjusted to a height of 10 m, as indi-
cated earlier. From these figures, it is evident that tem-
poral variability occurs on three scales: meso (on the
order of hours), synoptic (several days), and seasonal
(several months).

During the months of June through August 1993, little
or no synoptic variability is noted, but, beginning in late
September, synoptic-scale variability in the form of
frontal incursions into the Gulf of Mexico becomes ev-
ident in the time series. Consistent with the results of
DiMego et a. (1976) and Henry (1979), thereisamin-
imum of frontal activity during the summer months and
amaximum from November through March with ashort,
dramatic increase in frontal activity during September
and October. More frontal activity occurs at 42019 than
at 42002 during these months because some of the weak-
er fronts succumb to frontolysis before reaching 42002.

Figure 11 shows the time series of specific humidity
at the surface and at 10 m for stations 42019 (upper
panel) and 42002 (lower panel). Specific humidity at
the surface follows sea surface temperature, upon which
it is primarily based, but does not respond strongly to
the atmospheric conditions above, at least on synoptic
and shorter timescales. As a result, the pattern of vari-
ability that occurs at the surface is quite different from
that that occurs at 10 m. Surface specific humidity in
most cases exceeds that at 10 m. However, for brief
periods in October and November, the specific humidity
at 10 m does, in fact, exceed that at the surface at 42019
during certain return-flow events (discussed later in this
section). In these cases, the surrounding air has been
significantly modified through the transfer of heat and
moisture from the underlying ocean surface.

Cross-correlation analyses were performed for the
two buoy time series of specific humidity, wind speed,
barometric pressure, air temperature, and sea surface
temperature. The maximum cross correlations and the
corresponding lags are presented in Table 3. The cor-
relation coefficients consistently exceed 0.9, except for
wind speed where local effects become moreimportant.
Of particular interest are the lag relationships between
the time series for each parameter. Of these parameters,
air temperature and specific humidity both attain their
maximum correlations at lags of —6 and —7 h, respec-
tively, whereas the other parameters are maximally cor-
related at, or near, zero lag. Lagsof —6 or —7 hindicate
that coherent sources of variation occur at 42019 prior
to their occurrence at 42002, which is consistent with
atmospheric disturbances that propagate from the north-
west with speeds on the order of 10-15 m s . Based
on a maximum cross correlation of 0.91, a separation
distance of 263 km between the buoys, and an expo-
nential decay law, the e-folding distance for specific
humidity is approximately 800 km, indicating that vari-
ations in moisture are spatialy coherent over relatively
large distances in the northern Gulf of Mexico.
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Fic. 9. Time series of hourly sea level pressure, wind speed, wind direction, sea surface temperature, and
air temperature are shown for the period 5 June-30 November 1993 for the buoy at station 420109.

Successive cross correlations for specific humidity
were also calculated for 7-day (168 h) periods, stepping
through the data hour by hour. The results are displayed
in Fig. 12, where both the maximum cross correlations
(upper panel) and the corresponding lags (lower panel)
are shown. The maximum correlationsincrease abruptly
around 7 September, and the lags change from mostly
positive to essentially negative at this time, indicating
that events prior to the first week in September generally
arrived at 42002 before they arrived at 42019 and con-
versely thereafter. These changesin correlation structure

for specific humidity are significant and reflect a sea-
sonal change in synoptic weather conditions in the
northern Gulf of Mexico. In particular, they imply that
the prevailing patterns became coherent and tended to
enter the buoy domain from the north rather than from
the south after the first week in September, which isin
general agreement with DiMego et al. (1976) and Henry
(1979).

Crisp and Lewis (1992) define the so-called return-
flow cycle as the sequence of events that lead to the
initiation and termination of return flow over the Gulf
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Fic. 10. Same as Fig. 9 except for 42002 (DACT payload).

of Mexico. The first phase of the cycle is defined as the
movement of cold, dry air from the continent to the
Gulf of Mexico and is called the offshore-flow phase.
The second phase is defined as the return of modified
air to the continent (return-flow phase). Figure 13 il-
lustrates in greater detail how sea level pressure, wind
speed, wind direction, air temperature, and specific hu-
midity vary at the buoys during a particular return flow
event (the solid curve corresponds to buoy 42019, the
dashed line to 42002). This event started early on 30
October and ended on 5 November at 42019 and on 6
November at 42002.

Itisevident that alag of 6-12 h exists between 42002
and 42019 for the parameters shown. Lags in pressure
and wind speed are not apparent in the cross correlation
and lag statistics given earlier (Table 3) probably be-
cause the small-scale variability in these parameters
tends to mask the lag structure that emerges in the syn-
optic variability during individual events. Also evident
is the warming and moistening that takes place between
these buoys during the offshore-flow phase (approxi-
mately 4°C and approximately 2 gm kg1, respectively).
The offshore-flow phase of the return-flow cycle begins
at both stations on 30 October. This is associated with
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Fic. 11. The time series of specific humidity at the surface and at 10 m for the period 5 June—
30 November 1993 are plotted in the upper panel for 42019 and for 42002 (DACT payload) in
the lower panel. In each case, the upper trace represents specific humidity at the surface.

a pressure minimum, increased wind speed, a change
from southerly to northerly winds, an abrupt drop in
temperature, and an equally abrupt decrease in specific
humidity. The air temperature and specific humidity
reach minima on 31 October, while the pressure in-
creases to a maximum, the wind direction becomes er-
ratic, and the wind speed reaches a minimum.

From 1 through 2 November, the wind direction
changes to southeasterly, and the wind speed increases
as the high pressure ridge moves toward the southeast
and farther into the Gulf of Mexico. Theair temperatures
and specific humidities rise, indicating that the return-
flow phase of the return-flow cycle has begun. These
trends continue, and the wind direction becomes more
southerly at 42002 until the next return-flow cycle be-
gins on 6 November.

On 3 November aweak cold front moves off the coast
and frontolizes in the vicinity of 42019. This has the
effect of producing minimal offshore flow at the buoy,
which decreases the temperature, causes the wind di-
rection to become northwesterly, and decreases the wind
speed. The increase in specific humidity is reduced but
not reversed. In effect, the frontolysis modulates and
slows the return-flow phase of the return-flow cycle at
42019 but has little or no effect at 42002.

TaBLE 3. Cross-correlation statistics for the entire series of hourly
values for the environmental parameters included below from 0000
UTC 5 June to 2300 UTC 30 November 1993. *Negative sign in-
dicates that the series at 42019 leads the series at 42002.

Environmental parameter  Cross correlation Lag (h)*
Specific humidity 0.911 -7
Wind speed 0.678 -1
Barometric pressure 0.939 0
Air temperature 0.943 -6
Sea surface temperature 0.910 0

According to Henry (1979), fronts can enter the Gulf
of Mexico in any month; however, no fronts entered the
gulf during June, July, or August of 1993. In mid-June,
the buoys were influenced by Tropical Storm Arlene,
however, as she tracked from the Gulf of Campeche
toward the U.S. mainland. In any given year, the number
of fronts is highly variable, and any statistic will be
somewhat sample dependent unless the sample is quite
large. Henry studied the fate of fronts in the Gulf of
Mexico for an 11-yr period from 1967 to 1977. Hefound
that during the months of September, October, and No-
vember an average of 2.4, 3.7, and 5.2 fronts entered
the Gulf of Mexico, respectively. For those months dur-
ing 1993, 2, 3, and 4 fronts entered the Gulf.

5. Summary and conclusions

The overal reliability of the Rotronic MP-100 humidity
sensors, which have been deployed on various NDBC
buoys over the past 7 years, has improved significantly
since 1989 when they were first considered for possible
long-term deployment on fixed platforms at sea.

Over the approximate 6-month period that the Ro-
tronic sensor installed on the buoy at station 42019 was
deployed, its calibration remained within the accuracy
limits set by the WMO. The “operational” Rotronic
sensor installed at station 42002 operated continuously
from its deployment in June 1993 until it finally failed
in January 1997.

Katsaros et al. (1994) have reported that an earlier
version of the Rotronic sensor experienced hysteresis
following periods of high moisture. Our observations
did not permit us to examine this question in detail.
However, problems associated with hysteresis for the
Rotronic sensor have not been reported elsewhere,
which may be due to the fact that improvements were
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FiG. 12. Cross correlations for specific humidity between the buoys
at stations 42019 and 42002 (DACT payload) at 10 m for successive
7-day segments of the time series at 1-h timeincrements. The maximum
cross correlations are plotted in the upper panel and the corresponding
lags (h) in the lower panel. The dashed curves represent the original
values and the solid curves denote the results after smoothing.

made to the instrument by the manufacturer subsequent
to the observations of Katsaros et al.

The buoy observations of relative humidity and sup-
porting data from the buoys were used to cal cul ate spe-
cific humidity. Specific humidities calculated from the
buoy data were compared with specific humidities com-
puted from observations obtained from nearby ship re-
ports and the correlations were generally high (0.7-0.9).
Uncertainties in the calculated values of specific hu-
midity from buoys were also estimated and ranged from
0.27% to 2.1% of the mean value depending on the
method used to perform the calculation.

Observations at each of the buoys acquired during this
study were used to construct time series of specific hu-
midity. The time series of specific humidity at a height
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of 10 m reveal three primary scales of variability: meso
(of the order of hours), synoptic (severa days), and sea-
sonal (several months). The synoptic variability was pri-
marily due to the arrival of frontal systems with cold,
dry air behind them that dropped down into the Gulf of
Mexico from the continental United States and occurred
primarily during September, October, and November. A
particularly intense event on 30 October 1993 was se-
lected for further analysis and displayed a characteristic
return-flow cycle that often occurs during fall and winter
in the northern Gulf of Mexico. In al cases, the moisture
data acquired at the buoys were highly sensitive to all
observable variability that took place in the marine
boundary layer during the period of this study.

A cross-correlation analysis between the buoys (for
a separation distance of 263 km) for specific humidity
and the other buoy parameters (at 10 m) indicated that
1) al parameters were highly correlated (greater than
0.9) except for wind speed and 2) the e-folding corre-
lation distance for specific humidity was at least 800
km. A more detailed cross-correlation analysis of the
specific humidity time series revealed a major change
in correlation structure that occurred during the first
week in September, indicating that weather patterns be-
came more coherent and tended to enter the northern
Gulf of Mexico from the north rather than from the
south, as they tended to prior to this time.

In summary, the events described above produced
strong and well-defined signatures in the moisture-re-
lated observations, emphasizing the importance of these
data in characterizing synoptic-scale variability in the
near-surface marine environment. These observations
also have definite operational utility in forecasting the
return-flow events that occur in the Gulf of Mexico. As
noted by Weiss (1992), much of the difficulty in fore-
casting severe weather in these return-flow eventsisthat
there is no information about where the high-moisture
content air is located until it reaches the coastal plain.
The availability of at least one humidity sensor strate-
gically located on the continental shelf would help al-
leviate this problem.
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FiG. 13. Expanded time series for the return flow event of 30 October—6 November for barometric pressure,
wind speed, wind direction, air temperature, and specific humidity. The solid curves refer to the observations
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APPENDIX

A Comparison between the Rotronic and HO-83
Humidity Measurements

During January 1993, relative humidities from a Ro-
tronic MP-100 humidity sensor were compared with hu-
midities measured by an independent HO-83 hygrom-
eter. This instrument is a chilled-mirror system that is
electronically aspirated. The HO-83 hygrometer has
been used operationally by the National Weather Service
since the mid-1980s and in Automated Surface Obser-

vation System units since the early 1990s. The com-
parison was performed to examine the comparability of
the measurements from the Rotronic instrument to mea-
surements from a hygrometer in operational use. It was
not performed to determine absolute accuracy.

The comparison was conducted on atest stand in open
conditions near NDBC. A number of fog or saturation
events occurred, which are numbered across the top of
the time series plot in Fig. Al; the measurements from
the two sensors are shown for the first 12 days of the
month. Both sensors were located 2 m above the ground
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Fic. A1l. Comparison of relative humidity from the HO-83 hygrometer and from the Rotronic
humidity sensor for the first 12 days in January 1993. The comparison was conducted on a test
stand outside on the grounds of NDBC. The sensors were within 4 m of each other at 2 m

above the ground during the comparison.

and within 4 m of each other. In general, the measure-
ments tracked well together, including periods of rapid
humidity change. Overall, the Rotronic sensor reported
about 1.0%—-2.5% higher than the HO-83.

One apparent weakness of the Rotronic instrument,
however, may occur after extended periods of saturation
(fog events 3 and 4). Perhaps because of the lack of
aspiration, the Rotronic unit continues to report over
100% for 2—3 h after the HO-83 reports an abrupt drop
in humidity. The Rotronic measurements do not show
any shift in bias compared to the HO-83 after the fog
events, however. This conclusion is also supported by
the comparison statistics presented in Table A1, which
include data for the entire month. Although there were
12 fog events during the month, only 2 of the 12 events
(events 3 and 4) showed any significant differences. The
problem of continuing to report humidities over 100%
may be confined to cases when fog events persist for

TaBLE Al. Summary statistics showing the relative humidity dif-
ferences between a Rotronic and an HO-83. Bias is given by Ro-
tronic-HO-83. Here, o is the standard deviation and N is the number
of cases.

Relative humidity difference (%)

Bias o N
Overall 1.2 0.5 744
Before event 3 14 0.7 162
After event 4 13 0.6 456

over 12 h and the winds remain calm. It should be noted
that the HO-83, because it is a chilled mirror device,
has difficulty maintaining a contaminant-free mirror
and, therefore, needs frequent cleaning. Consequently,
it is also possible that the HO-83 hygrometer may have
been reporting incorrectly during these periods of ex-
tended fog rather than the Rotronic instrument.
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