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SUMMARY

Standard radiosonde measurements and procedures are subject to significant temperature-induced
humidity errors in the near surface layer. These errors, when experienced at coastal locations and
applied to open ocean conditions may result in spurious surface-based ducts which have serious implications
for the authenticity and application of world-wide refractive climatologies in naval planning and operations,
and in the development and verification of prediction techniques. Efforts are underway at the Pacific
Missile Test Center to determine the magnitude of this problem, and to recommend modified measurement
procedures and correction factors that can be applied to existing data.
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PREFACE

Navy requirements exist for a prediction capability which will allow conversion of routine synoptic weather
information to an assessment of meso-scale refractive structure and hence an inferred assessment of radar systems
coverage. An initial subjective/objective effort based on worldwide radiosonde coverage and characteristic
synoptic patterns resulted in the development of an initial Refractive Effects Guidebook (REG)!. While the
prediction technique met with partial success, subsequent objective evaluations of REG performance indicated
significant discrepancies in verification, particularly for surface-based ducts. These discrepancies can be explained
by three factors: (1) A still incomplete understanding of synoptic-refractive relationships, (2) an overly detailed
attempt to specify predicted profile types, and (3) deficiencies in radiosonde data when used for refractive pur-
poses.

The first two problems are being addressed by PACMISTESTCEN in a continuing effort to develop im-
proved prediction capabilities. The third problem is being simultaneously investigated and is the subject of
this report.

A DAYTIME BIAS

In evaluating the performance of the REG!, doubt has arisen concerning the authenticity of many of the
surface-based refractive ducts derived from radiosonde data. Statistical summaries of surface-based duct
occurrence compiled from these data indicate an inordinately large diurnal variation. The global distribution
of differences in relative frequency of occurrence of surface-based ducts is depicted in figure 1, for “coastal”
stations in a SYLVANIA? study covering the period May 1966 through April 1969. Locations where more
ducts were noted at 00Z than at 12Z are indicated by squares; the reverse by “X’’s; the size of the symbols is
proportional to the differences in relative frequencies of occurrence observed between the two times, 00Z minus
12Z. 1t is immediately apparent that with very few exceptions, surface-based ducts were more frequent at 00Z
on either side of the dateline between 90°E and 90°W, where 00Z occurs locally during daylight hours. The
situation is reversed for the other side of the earth centered on the Greenwich meridian where 12Z is during
daylight hours, although the pattern is not as clear-cut. The bias is greatest at low latitudes. Solar elevation
angle is implicated as a direct or indirect cause, presumably by its effects on instrumentation or on actual condi-
tions in the atmospheric boundary layer.

Diurnal variations in atmospheric properties over the open ocean should generally be quite small; day-night
sea surface temperatures typically vary by no more than a few tenths of a degree . Unfortunately, however,
with tne exception of a few ocean station vessels, the soundings regularly available from oceanic areas are
actually made over land from islands or near the coasts of continents. Temporarily putting aside the question
of whether such soundings are representative of open ocean conditions, the observed diurnal variations found
from the Sylvania statistics seem meteorologically implausible. The very limited extent of some of the island
sites where the day-night variation is greatest suggests that changes in refractive layering due to diurnal variations
in local winds are not the basic cause, especially since most of these surface-based ducts are very shallow. The
establishment of daytime surface superadiabatic layers at land stations would be a common feature at nearly all
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sites, but except possibly in the case of wet soil*, the associated strong vertical mixing should destroy any
humidity stratifications which could cause superrefraction, and the rapid decrease of temperature with height
would tend to cause subrefraction,

SOURCE OF THE BIAS
Radiosonde Humidity

The apparent marked surplus of these daytime surtace-based ducts can be explained as a consequence of
mstrumental error. Most of the stations shown in figure 1 can be identitied as sites where American radiosondes
were employed. It has been Known tor some years that temperature-induced humidity errors have been re-
sponsible for a bias towards lower daytime relative humidities reported by US. radiosondes® . This is not merely
the result of the wverse relationship between relative hunudity and temperature, but represents a sputious re-
duction in day time values of moisture in terms of dew point, mixing ratio, and other derived conservative mois-
ture parameters. The cause 1s known to be warming of the hygnstor (humdity element) due to solar radiation;
the resultant increase i satwration vapor pressure of the an i contact with the hygnstor leads to an erzoneously
low indication of relative humidity, which used in conjunction with the cooler temperatures from the sonde
thermustor results in fowered calcutated values for other moisture parameters. The microwave refractive index
will also be too small. Above the surface layer this would have htte effect on e tractive gradient and duct
calculations, since the bias would change slowly with altitude.  But near the surface, sigmbicant refractive gradient
errors could result. This follows from the fuct that the surface pont of soundings reduced according to standard
procedures is obtained by psychrometer, as specitied i FMH-3 (Federal Meteorological Handbook of Radiosonde
Observations)® . The value for surface refractivity would theretore presumably be relauvely accurate. Because
the refracuvity at the top of the surtace layer 1s obtained from the radiosonde and hence lable to be erroncously
small (dry) during daytime, 4 negative bias in the apparent change in refractivity upward through the surface
layer will result. This in turn leads to a tendency for fictitious superretractive gradients in this lowest layer of
the sounding.

Attempts to assess and correct tor spurious day time dryness in U S, radiosonde data from the Line Island”,
ATEX” and BOMEXY experiments led to introduction of a modified sonde” around 1971, designed to murinize
hygristor heating by improving ventilation and shielding from sonde and solar heat sources.  Although a con-
siderable improvement in the accuracy of the upper-anr humidities has been lcpmlcdm'“. a large dirunal
variation in surtace layer retractive conditions s still very much in evidence. Suttace-based ducts continued n
abundance dunng daytime hours i data obtained as late as 1974, as shown i table 1.

The apparent lack of any overall decrease in daytime surtace duct bias is understandable it the tollowing
are taken into account: the special nature of the atmosphere in e surtace boundary layer, the manner in which
the data s obtained, and the effect of hygristor thermal lag on indicated humidities. For temperatures typical
of the lower atmosphere over temperate and tropical regions the sumidity response of the carbon hygustor
type of humidity element in use tor some years is quite good, with a lag coetficient less than one second. The
thermal tesponse of the carbon hygristor is much worse, however, with a lag coefficient near sea level around
15 seconds in the improved sonde introduced around 1971 1283 "ynd as much as a half-minute in the older sonde
|\uckug¢5‘7 formerly used by the National Weather Service. The lithium chlonde element in use some years ago
was likewise subject to considerable thermal lag. At times when the sonde is ascending through & region with
negative temperature lapse rate, the hygristor temperature will be too warm and hence indicated humidity and
refractivity will be too low. For the current sonde and normal ascent rates the theoretical hygristor temperature
excess due to lag (135-second time constant) can be estimated at about 0.5C for an ambient lapse rate of -2C/1000
feet, with a corresponding relative humidity deficit around 3%, and refractivity deficit of roughly 3 N-units. In
the free atmosphere the refractivity gradient structure will be affected very hittle, except during passage through
mversions (when the biases will be reversed with the hygrstor tending to be cooler then the envitonment).  But
the situation is entirely ditferent near the earth's surface. There, very strong negative temperature lapse rates in
the daytime superadiabatic layer and internal boundary layer near coastlines during onshore flow will produce
considerable reductions in apparent refractivity with height.




Table 1. Differonces in Percent Qccurrence of Surtace Based Ducts Reported at 002 and 122, for Period
May 1966 April 1969 and January/Aptil/July/October 1974 (Frequency 002 Minus Frequency 122)

N00Z) (122}
Ditterences
for
Petiods:
1966
Lat Long Station 1969 1974
0z DAY 7IN 157W BARROW, ALASKA 2 1
122 NIGHT 52N 177w ADAK. ALASKA 0 2
30N 140W  SHIP N 6 6
28N 17W MIDWAY ISLAND *2 +15
15N 121E CLARK AFB, PHILLIPINE IS +8 1
9N 138E YAP CAROLINE IS 35 (6!
IN 188E PONAPE, € CAROLINE (S «27 +33
145 1w PAGO PAGO AMERICAN SAMOA H1 N
(L Fg NIGHT 77N 6aW THULE AFB, GREENLAND Q Q
122 DAY GAN 23w KEFLAVIC, ICELAND 1 12
JON 2IW TERCEIRA AZORES (LAJES FIELD) 7 12
J8N J0W SHIP "MW - *2
32N 65w ST GEORGE, BERMUDA (USNAS) 2
32N 65W ST GEORGE . BERMUDA (KINDLEY AFB) 1
13N BOW BARBADOS, W. INDIES (SEAWELL APT) 24 2
ON 80w BALBOA CANAL ZONE (ALBROOK AFB) +3
9N s0W BALBOA, CANAL ZJONE (HOWARD AFB! 3
S W DIEGO GARCIA (INAVCOMMSTA) ” (36!
T NO DATA
() LESS THAN 40 SOUNDINGS AT ONE OR BOTH TIMES
1966 1969 DATA FROM SYLVANIA REPORT (JULY 1972
1974 DATA FROM PMTC STUDY

The influence of temperature lapse tate on refractivity s illustiated i figure 2a, where retractivity gradient
versus temperature gradient as plotted tor the tust fayer of soundings tor Ponape, 1974 data. In general, the
greater the decrease of temperature, the stionger the retractive laver was tound to be. This temperature-induced
problem s aggravated by sull another problem  the increasing sensitivity ot the computed refractive gradients to
notse i the data as tayer thickness becomes smaller. As apparent m figure 2b, even without noticeable correla-
tion between layer thickness and retractive gradient, the Luger scatter i the data tor the thinner layers results
tn a gredter number of extreme gradients  both superrefractive and subrefractive. Standard procedures dictate
reduction of sonde data tor mandatory pressure fevels® At most coastal and sland stations the 1000mb level
I as arule within afew dozen feet of the surface, thus guarantecig on reduced soundings a predonunantly
thin suitace layer, with no direct physical basis for its eported depth

Sonde Exposure Before Release
Lxposure of the sonde prior to release can also contibute to a bias towards day time ducts, Although

redesign of the sonde has minmuzed radutive contrbutions to the hygristor temperature excess alott'!, the
hygnstor remains valnerable to heating by solar radiation during prerelease preparations because of inadequate

ventilation. Cases are teported where a sonde has been allowed prior to release to lie outside on a hot surtace
such as the deck of a slup‘(. Even when reasonable care is exercised to avord direct exposure to sunlight and
relatively warm arcas such as asphalt, substantial day time warming of the sonde and hygristor can be expected
betore release under conditions of clear skies and hght winds. Although according to FMH-3 the surface point
would not be taken trom the sonde i any event, a substantial pertod of time s required atter release tor re-
covery of the radiosonde from such overheating, due to the theral lag of the hy gnstor and walls of the
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humidity duct. The contnbution of this effect to the total humidity error is especially important when the
fiest point from the sonde s selected with'= 4 few hundred teet of the surface, as when sarface pressure is only
shightly greater than 1000mb, or when a significant level is selected at the top ot a shallow superadiabatic fayer.

MAGNITUDE OF INITIAL ERROR

An estimate of the temperature of the hygristor element can be obtained for the moment of release if the
radiosonde recorder chart and the surtace psychrometer data are avaldable. Regardless of temperature vanations,
and in the absense of wetting of the sonde and humidity element by precipitation, water vapor pressure shonld
be essentially the same outside the sonde and in the air around the hy gmlm':. Thus the temperature ot the
latter is just that which together with the observed radiosonde initial ordinate value yields the same vapor

pressure as that corresponding to the psychrometer data.

An example of a recorder chart tor a sounding with substantial initial hygristor temperature excess is shown
in figure 3. Humidity increases to the left, temperature to the night, and time upwards. The sonde was released
at Point Mugu at 1024 PST, 30 July 1973, and had been modified to permit greater vertical resolution by n-
creasing the switching rate between temperature and hunudity. Skies were overcast with low stratus (which was
beginning to clear, however), and surface winds were two knots from the southwest (onshore).

The sonde was one of the Weather Service types (JO06) which had been modified at PACMISTESTCEN to
reduce solar heating effects by covering the top of the hygristor duct with aluminum foil. and blackening the

mnterior of the duct.

The surface humidity ordinate corresponding to the relative humidity reading of 78% obtained from electric
psychrometer is shown as a circled point, far to the left and at a much higher humidity than that corresponding
to the initial location of the sonde humidity trace. The fatter indicated a relative humidity of 56%. using the
psychrometer temperature of 18.8°C. The discrepancy between these two humidities corresponds to a hygristor
temperature excess in this case of about 3.5°C. The sonde data indicate the top of a superadiabatic layer at
214 feet above the surface. (This level is indicated in figure 3 by the long horizontal dashed fine at about 1/4
minute into the sounding.) Use of the actual humidity contact value for this level together with the surface
psychrometer data vields a surface-based superrefractive layer with refractivity gradient of -119 N-units/ 1000
feet. 1f the humidity ordinate for the top of the superadiabatic layer is obtained by interpolation between the
surface psychrometer readings and higher sonde points, however, a refractivity gradient of only -35 N-units per
1000 feet is calculated. In this example use of the actual contact value for humidity would clearly have resulted
in a spurious surface-base duct.

Hyagristor initial temperature excesses calculated by the above method are shown in figure 4 for Point
Mugu soundings trom September 1969, in which AMQ-9 military sondes were employed. This period was well
before the introduction of extra radiation shielding. These values have been plotted against time of day. and
clearly are separated into nighttime and daytime regimes. During the day the average temperature excess was
around 4°C, and reached as high as 7 to 8°C on several occasions.

BIAS DUE TO INITIAL AND LAG ERRORS

In order to estimate actual humidity and refractivity distribution with altitude from radiosondes subject
to initial and lag temperature-induced humidity errors, hygristor temperature must be known. First of all, it
is required for reduction of the raw sonde hygristor data because of its effect on the relationship between
hygristor resistance and relative humidity. but this effect is minor for the temperature range of concern here.
Hygristor temperature is of much more importance. however, in correcting the apparent refative humidity for
the difference in saturation vapor pressure between that in the free atmosphere and that in the air in immediate
contact with the hygristor, when the temperature of the latter differs from the free air temperature as measured
by the thermistor outside the sonde. Hygristor temperature can be measured directly by a thermistor placed on
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the hygristor, but this requites provision for transmitting the additional temperature to the surface. Another
approach wvolves calculating theoretical hygristor temperature tesponse to measured free air temperatures, con-
sidering hygnistor temperature error at the moment of release, and the effective hygristor thermal time constant
(due to the combined thermal lag characteristics of the hygustor element and the surrounding duct, corresponding
1o a ventilation rate appropriate for the type sonde used and ascent rate experienced). Although heating of the
hygnstor due to solar radiation is the source of its initial temperature bias, this is much diminished aloft (in the
improved sondes about +0.6°C near sea level) because of the increase in ventilation after release; therefore, in

the discussion which follows, the contribution of radiation to the total error @loft has not been included.

Results of an application of the approach of calculating hygristor temperature are depicted in figure S using
data from a pan of improved JOOS Weather Service radiosondes released simultancously at PACMISTESTCEN at
| 17052 (OY0SPST) 4 May 1977; at time of release sky conditions were 3/10 cumulus, with onshore winds of 6
} knots. The sondes were altered at PACMISTESTCEN to permit finer vertical resolution. Although the sonde
| packages were identical, they were each handled in a different manner prior to release.  An accurate estimate of
F free air temperatures was needed for computing hygristor temperatures. To minimize effects of radiation on
L temperatures indicated by the thermistor at the moment of release and through the lower part of the sounding,
i one sonde was torce-ventilated in a thermoscreen for about five minutes just before release. Temperature data
from this sonde is shown as profiic ! in the upper left section of figure 5. This temperature profile was used to
calculate a number of hypothetical exatuples of possible hygristor temperature variation with altitude, assuming
i various hygristor temperatures at the moment of release (expressed as “initial error™ between hygristor and
measured free air temperature), a hygristor thermal lag of 15 seconds, and ascent at the observed rate (858 {1/
: min) through the temperature environment indicated by profile 1. This value for thermal lag applies to the
carbon hygristor in the JOOS improved sonde package, as mentioned carlier; computed profiles 2, 3, and 4 differ
solely as a result of different assumed initial hygristor temperature biases. In any event the effect of thermal lag
in this situation with negative temperature lapse rates as shown by profile 1 would cause hygristor temperatures

warmer than the free air, with consequences which are discussed below.
b The other radiosonde was used to obtain raw hygristor data under conditions which would enhance hy- i
gristor vulnerability to overheating, and which are suspected to occur at times with routine soundings. This i

sonde was allowed to sit in the sun for the same five minute period of time prior to release, on top of a wooden
box about one and one-half feet above an asphalt pavement. A substantial bias of hygristor temperature above :
that in the free atmosphere was observed to develop by the time of release which may be characteristic of routine 4
soundings where precautions against pre-tlight heating may not be taken: as inferred trom the radiosonde recorder
chart by the method outlined previously it amounted to about +4°C. This is the assumed initial error which

resulted in generation of temperature profile 3; consequently that profile presumably comes closest to representing :
actual hygristor temperature behavior with altitude.

The sensitivity of some humidity-related parameters to hygristor temperature errors is demonstrated in the
other boxed sections of figure S, by profiles of relative humidity, mixing ratio, and refractivity, numbered in
accordance with the particular hygrisior temperature profile assumed. The raw hygristor data was first reduced
using each of the temperature profiles in turn to obtain four sets of apparent relative humidities. In the case of
profiles 2, 3, and 4 these humidities were then tentatively corrected for difterences between the assumed hygristor i
temperatures represented by the correspondingly numbered temperature profiles, and the free air temperatures
represented by temperature profile 1. Although the temperature and humidity information came from two
separate sondes, it is believed that they sampled essentially the same volume of air due to their simultaneous
release in close proximity. Profiles of mixing ratio and refractivity were computed from these corrected relative
humidities and free air temperatures. In the case of profile 1 for the humidity parameters, no corrections were
applicable, the hygristor temperature being assumed identical to the free air temperature. Of the relative
humidity, mixing ratio, and refractivity profiles shown, profile 3 is probably most representative of actual
atmospheric conditions for this sounding, as it was determined by corrections based on the most appropriate
initial hygristor temperature as pointed out previously. On the other hand, except ‘o1 the surface pomnt (and the
more detailed resolution of these soundings), profile 1 for the humidity-related parameters illustrates the Kind of
results to be expected under standard reduction procedures, which in effect assume zero hygristor thermal lag
and initial bias by ignoring the effect of these sources of error on the humidity data atter release. Under such
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procedures, the use of a psychrometer would have resulted in surface values close to the surface poimnt ot pro

file 1 for temperature, and profile 3 tor the humidity-related parameters if the mitial hygristor temperature bias
was in fact about +4YC as has been inferred. While in terms of gradients there is little dittference between protiles
Iand 3, the substitution of psychrometer data tor the surface point together with the use of uncorrected radio-
sonde data aloft necessanly introduces a negative bras in the day time vertical gradients of humdity and retractivity
i the surtace layer. The fust signiticant (or mandatory ) level above the surface defines the top of the surface
layer, and i thus sounding would probably be selected as the top of the superadiabatic layer evident at about

250 feet altitude n temperature protile 1. But in practice the apparent altitude of a significant level is to

some extent fortuitous since the radiosonde does not transmit each parameter continuously; also, resolution

is ordinarily somewhat poorer than in our spectal example here. While conditions in the surface layer in this

case actually appear to have been subrefractive as indicated by retractivity profile 3, selection of the top of

the surface layer at any altitude lower than about 200 feet and reduction under standard procedures would

have resulted in a fictitious surface-based trapping layer.

TRENDS IN THE BIAS AT PACMISTESTCEN

Major changes in statistics of humidity and refractive gradients over the years have been noted in Point
Mugu radiosonde data which support the preceding indications of contamination by temperature-induced
humidity errors. Alterations i radiosonde instrtumentation and data reduction procedures at Point Mugu trom
1967 through 1976 are noted in figure 6, along with a plot of water vapor pressure vanation with altitude
through the furst layer of selected soundings from that period, versus date. In order to provide a more
homogencous sample, the soundings represented were cases where the temperature decreased between 3 to 4°C
trom the surtace to the top of the surtace tayer, and tor which the top of that layer was between 100 to 400
teet above the surface.

A substantial decline i magnitude of the reported vapor pressure difterences over the years is obvious,
with the greatest change occuring between about 1971 and 1975, probably retlecting adoption of two majm
changes:  moditication of sondes starting July 1971 to minimize radiational heating, and utilization of a tan-
ventilated thermoscreen for prerelease conditioning of the sondes starting in November 1974, Changes in
refractive gradient statistics for the surface layer are also evident, as shown in figure 7. A remarkable decline
i the reported frequency of occurrence of the more extreme refractive gradients took place over this period.
In 1968, almost 40% of all soundings indicated surface-based trapping, dropping to less than 10% i 1975 and
1976, The jump trom 1967 to 1968 is believed due to an increase in emphasis at that time in reporting smaller
features in the sounding, and in a switching moditication to increase humidity measurements.

OTHER CONSIDERATIONS IN ASSESSING OCEANIC REFRACTIVE STRUCTURE

A number of other considerations are involved in assessment of the authenticity and behavior ot low-level
oceanic refractive structure based on radiosonde data.  Advective and subsidence processes will bring about
strong surface-based refractive gradients of substantial depth in certain regions and weather regimes.  But
structures due to local land/sea effects which appear in island and coastal radiosonde data and which may be
completely real, nevertheless may not be representative of open ocean conditions. Although soundings trom
ships on the open ocean should be free of such influences, another source of misinformation may arise in the
presence of an evaporative duct. This type of duct is characterized by a fairly shallow surface-based superrefrac-
tive region due to the frequently strong, evaporation-caused decrease in hunudity with altitude in the atmosphere
immediately above the ocean surface. A sufficiently intense evaporative duct could be mistaken for a deeper
surface-based duct because of the inability of a radiosonde to resolve the limited vertical extent ot the tormer,
with possibly serious effects on assessment of propagation conditions.
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CONCLUSIONS 1

On the basis of the large disparity in day/night surface-based duct occurrences calculated from radiosonde 1
data reported at many stations, and the major decline in apparent duct occurrences accompanying improvements
wmstrumentation and procedures at Point Mugu, it is concluded that these ducts are apparently much less
prevalent over the oceans than has been formerly indicated.

This is due to a combination of reduction and handling procedures, and temperature-induced humidity
crrors i US, and other radiosondes susceptible to radiational heating and thermal lag effects on humidity
measurements.  The problem has serious implications for the authenticity and application of refractive
climatologies in naval planning and prediction techniques.

Although it seems unlikely that soundings taken in the past can be satisfactorily corrected on an individual
basis due to difficulty in reconstructing all the relevant procedural, instrumental, and meteorological factors in
effect at the time, the climatological contamination may be substantially reduced by application of results of
comparative studies which are planned at PACMISTESTCEN.

Such studies will involve comparing standard radiosonde soundings with near-simultaneous soundings
employing modified sondes or procedures such as are used operationally or planned at PACMISTESTCEN. The
modifications include the use ol ventilated shelters prior to balloon release to minimize errors due to lag and
radiation. Comparative soundings are planned for Point Mugu, Calitornia: San Nicolas 1sland, off the California
coast; Barking Sands, Hawaii and possibly other locations. It is hoped that from these studies, correction
factors will be developed which will improve the climatological data presently available on low-level atmospheric
refractive structure over the oceans, and lead to a firmer basis on which to develop techniques of predicting
refractive structure from air mass and weather considerations. In addition, it is anticipated that procedures will
be recommended which will result in improved accuracy for future measurements.
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