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FOREWOR D

This report was prepared under Work Order No. 086412 of Contract No.
N00014-78-C-0204 In support of a U.S. Naval Postgraduate School research
project sponsored by the Naval Air Systems Coninand, AIR 370 and Naval
Av ionics Center, Indianapolis. The report contains an analysis of
aircraft measurements of micrometeorological parameters made at Panama
City, Florida in 1978.
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U
ABSTRACT

8DM, for the Naval Postgraduate School (NPS) , with the cooperation of
Airborne Research Associates (ARA ), specifically the excellent support
of Dr. Ralph Markson and Mr. Jan Sedlacek, obtained a series of aircraft
measurements of atmospheric properties In conjunction with a NAVAIR-
sponsored joint environmental field Investigation at Panama City, Florida
in November and December of 1978. The joint field experiment was coordi-
nated by Naval Avionics Center (NAC). Funding for ARA participation and
partial funding for NPS participation was provided by MAC. This program
is concerned with aerosols and fog in the marine boundary layer. This
report provides an analysis of the aircraft data and is intended as a
guidebook for other groups. Cal ibration , data reduction, flight tech-
niques and intercomparisons of certain instruments are discussed. Very
careful measurements of the boundary layer, includ ing the near surface
layer, are emphasized along with the appl ication of Monin-Obukhov simi-
lari ty theory.
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A. INTRODUCTION

This document isi prel iminary analysis and listing of micrometeoro-
logical data obtained from aircraft measurements. during the 2nd NAVAIR-
sponsored Marine Fog and Boundary Layer field experiment at Panama City,
Florida (hereby designated PC II). This was a joint field experiment co-
ordinated by the Naval Avionics Facility (MC). The measurements were made
from a Bellanca Turbo Viking aircraft operated by Airborne Research Associ-
ates. The Naval Postgraduate School Environmental Physics Group provided
additional instrumentation and data acquisition equipment.

~Thirteen flights were made on ten different days from 26 November 1978
to 13 December 1978. The typical flight duration was approximately three
hours. Three types of flight pattern were employed for specific environ-
mental characterization: low—level , constant altitude runs for sea surface
temperature maps, spiral ascents and descents for surface-to-altitude pro-
files, and “ladder” profiles obtained from level runs of two mi nutes
duration at suc~~ssive1y increasing altitudes for marine boundary layer
turbulence structure. A printout of the primary variables of interest for
each flight is presented as a time series (32 second average)..-i-n- Appendix-’

B. A Similar printout for each ladder profile (a series of two minute
averages at constant altitude) is, presented.in Appendix C. Since a full
data scan is recorded on the cassette at 3.2\second intervals, finer t ime
resolution can be obtained If necessary.

The primary purpose of this report is to provide a catalogue of the
atmospheric data to the other participants as quickly as possible. Consid-
erable effort has been directed toward comparing aircraft measurements with
Stage I data and examining the reliability of various instruments.

B. INSTRUMENTATION

1. DescrIption
The primary measurements are summarized in Table I, followed by a

more detailed description. The instruments are listed in order of their
assigned channels on the data acquisition system.

1 
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TABLE I. AIRCRA FT INSTRUMENTATI ON AND DATA ACQUISITION CHANNELS

CHANNEL
NUMBER DATA NAME TYPE

1 P Air pressure Solid state

2 1 Air temperature Platinum resistor

3 Td Dew point Al uminum oxide

4 Ts Sea surface T Infrared radiometer

5 E Electric field Radioactive probes

6 C1, AC Temperature Mlcrothermal , AC bridge
structure

7 £ , low Dissipation rate Hot-wire, f~ 10 Hz

8 v Hot-wire voltage Constant T anemometer

9 c, hi Dissipation rate Hot-wire, f~, 50 Hz

10 CT, DC Temperature Microthermal , DC bridge
structure

11 1 Air temperature Thermistor

12 N Air refractivity Microwave cavity

2 j
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In addition to this data , certa in information was occas ionally
logged by hand from other aircraft instruments such as: altitude , position ,
air speed , and weather observations. Direct measurements of dew ooint were
made by holding a wet-dry bulb psychrometer out the window.

The calibration of the instruments appears as a mathematical re-
lationship between the physical value, X , and the actual voltage , V

X = F(V)

For instance , in the case of atmos pher ic pressure , 10 vol ts corre sponds to
1000 mb , hence

P 100 V , mb

The foll owing is a channel—by-channel rundown of the data:
(1) A ir pressure : This is a solid state device (National Semiconductor)

provided and calibrated by NAC .
P = 100 V . mb

(2) Air temperature: A platinum resistor (Rosemount Instruments) with
a nominal 5O~2 res i stance , des igned for a ircraf t use. The dev ice
was cal ibrated against a high precision mercury—glass thermometer.

I = (V - 0.07)10.0187, °C

(3) Dew point temperature: An aluminum oxide conductivity device
(Panametrics), it has a somewhat variable calibration curve.
This device malfunctioned for most of the experiments.

~1.,. _ r )_
’ I I O~ o ...

— D uog 
~ A ~ ‘

Typical values for the calibration parameters are
V0 0.03

A = 0.22
B = 0.024

3
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(4) Sea surface temperature: Infrared radiometer (Barnes PRT-5).

Ts = 1O (V — 1), °C

(5) Electric field: Ralph Markson ’s radioactive probe electric
field device. This device was not properly balanced during
the first part of the experiment. The situation was corrected
at 1020 on December 11 during flight #9. Prior to this, the
E values tended to be about a factor of two too large.

E = 795 V/l.2l , V/rn

(6) Temperature structure function : AC bridge measurement of CT
using paired microthermal tungsten probes.

CT
2 = (V 2 

- G2VN
2)/ [a G B d1”3 R0 (1 + B T)] 2

= noise level , (0.001 volts)2 + velocity contribution

a = 0.0026 , OC ” l

B = bridge sensitivity , 14.7 V/~
d = probe separation, .85m

= probe ice point resistance
I = ambient temperature
8 = 0.004, o~_ l

Note : the velocity contribution to VN2 is due to the sensitivity
of the microthermal temperature sensors to velocity fluctuations.
Given the large current to the sensor (10 ma) this can be a large
effect in some circumstances.

(7) Rate of dissipation of turbulent kinetic energy ( E ) :  This quantity
Is obtained from analyzing the fluctuations in velocity in a frequency
band determined by filters set at lower (fe) and upper (

~~
) frequency

l imits. The velocity fluctuations are sensed by hot tungsten wi res

(4.5i dia.) operated with a constant temperature anemometer bridge

(Thermo Systems, Inc.) set for a 50% overheat on the ground. If we

4
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define

X (f 213 
- 

~u
213 ) 3/2

V = B (P/lOl3)½ (288/(T + 273))¼ (165_I)

then

3

where
f~ = lower frequency limit, usually 10 Hz

- upper frequency limit , 500 Hz
B = hot w ire sensit ivity, typically 1.0 V2/(m/sec) ½
P = pressure, mb
I = temperature , °C
U = relative air speed, rn/sec
V = mean hot-wire DC level , V (channel 8)
G = gain, typically 1000
Note that the data recorded on channel 9 is essentially the same
except f2, is set at the higher value of 50 Hz. Thus , the designa-
t ion of channel 7 as c, lo and channel 9 as t , hi.

(8) Mean hot-wire voltage : This is the mean DC voltage level of the
hot-wi re system. This quantity is used because the sensitivity of
the hot-wi re is a function of the air speed, temperature and pres-
sure in a manner that is partly Indicated simply in V. The charac-
teristics of the hot-wire are expressed by

= V
0
2 

+ B ~/1F

where V
0
2 is typically 2.7 volt2 and B is typically 1.0 V 2/ (m/sec)~~

at standard one atmosphere conditions.
(9) Similar to 7 except f~ = 50 Hz. This Is the channel actually used

for c given in the tables.
(10) Temperature structure function: DC bridge measurement of C1 using

the same probes as 6 (AC system). In this case the current to the
sensors was 5 ma. The CT

2 calculat ion Is the same as 6, with the

5
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following system parameters
= (.0015 volt)2 + velocity contribution

a = 0.0026, 
o
C

l

G = gain , typically 100
B = 20 V/~
d = .85m
B = 0.004,

(11) AIr temperature: Thermistor mounted just forward of the microwave

refractometer cavity .
I = -10 V + O.8,°C

(12) AIr refractivity : NAC microwave refractometer. We have calcula-
ted N from this device using

N = 50 V - N0

with N0 = 53.5. More accurate values of N can be obtained by cor-

recting for temperature , thermal time constant and air speed effects.
2. Data Acquisition

The data scanning system was controlled by an HP9825 (Hewlett-Packard)
desktop computer using an IEEE 488-1975 interface bus (HP-IB). Each scan of

all 12 variables required 3.2 seconds and Is defined as a line of data. The
computer accumulated 50 l ines of data , defined as a file, which were recorded

on the computer’s magnetic tape cassette at 2.7 minute intervals as a split
precision string array named R$ [IJ, where I 1 to 50. The local time corres-
ponding to I = 1 was also recorded as a string 1$, where 1$ = “m:dd :hh:nn:ss ”

or month:day:hour:minute:second. The cassette contains two tracks (0, 1) with

54 files per track for a maximum of nearly five hours of data.
The following short program illustrates the reading and decoding of the

raw voltages.
dim T$[l4], R$[50,48), R 50,12)
ent “track - 0,1” , 1
ent “file#” , F
trk T; ldf F, 1$, R$
for I 1 to 50
fo r J = 1  to l2

6 1 
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stf (R$[I, 4(J - 1) + 1, 4J])-.’R[I,J)
next J
next I

At this point , R[IIJ) contains the voltages read , where I a 1 to 50 (line #)
and J — 1 to 12 (channel # ) .  Note that this process requires the String/Adv
Prog. RON.

C. THEORETICAL FRAMEWORK

1. Surface Layer Scaling
Although this is primarily a data report, a considerable amount of

the more advanced stages of analysis Is expressed in concepts and quantities
developed in atmospheric boundary layer theory. In view of this , we will
sketch out those parts of the theory required to at least define the quanti-
ties that appear In the analysis. Those interested In a more complete treat-
ment should refer to the AMS Workshop edited by Haugen ~l973) or the recent
paper by Kalmal , et al. (1976). This theory Is usually called Monin-Obukhov
S imi larity (MOS).

The boundary layer is that part of the atmosphere where friction
with and heating by the surface play an important part in the generation of
turbulence. Near the surface the turbulence properties can be scaled in
terms of the Reynolds stress, r1,, and the surface sensible temperature flux ,
Q0, using Monin-Obukhov Similarity , where departures from neutral equi libr i um
are parameterized by Z/L. The velocity and temperature are scaled by U~ and
T~ and stability , L,

r0
a p U

~
2 ( la)

= -u,,, T~ (i b)

L 
K g T

v* 
( i c )

where pis the density of air , Q0 is the surface sensible temperature flux ,
I Is the absolute temperature, TV the virtual potential temperature, g the
acceleration of gravity , and K is von Karman ’s constant (we have used =

0.35). TV* is related to the water vapor mixing ratio scaling parameter, q~,

7
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by T~~~1.T~~+ 6.l x lO 4 T q ~ (2)

The mean wind speed (U) and virtual potential temperature can be
represented by the following height dependent gradients

au,~z 
~~~~ 

(3a)

~ &~T H  (3b)

where ~ i/L, a 1.35 and m and are stability correction functions.
The turbulence of the atmosphere manifests i tself as fluctuations

In wind velocity, temperature, and other properties. In the inertial sub-
range of locally Isotropic turbulence (the so-called “5/3 region”) the one-
dimensional fourier power spectrum of fluctuations of wavenumber k can be
represented as

Su(k) = 0.52 e
2’~
3 k 5’3 (4a)

ST(k) 0.25 CT
2 k 5’3 (4b)

where c is the rate of dissipation of turbulent kinetic energe and C 2 is
the temperature structure function parameter. Near the surface, ~ and CT
can be scaled by MOS

3
c = !

~
.
~~f~ (

~
) (5a )

C
2 - T 2

Z~
213 fT 

- 
*

2. Methods
The utility of MOS i s that, for instance , given T~ and 1, one can

predict C1
2 at any height Z within the surface layer. One problem Immediate-

ly becomes obvious - how does one obtain the scaling parameters? Another
major problem - to be discussed later - is the determination of the upper
lim its of the validity of the surface layer expressions.

8
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We have used two methods of obtaining the scaling parameters for

the PC II data which we designate the “turbulence” method and the “bulk”

method. The turbulence method is based upon the utilization of Eq. 5 with
turbulence data very near the surface (i/I << 1). In this limit , the f(~)

1 , permitting a simple calculation of U~ and T~. From Eq. lc we can now

evaluate 1. A few Iterations of this process result in self-consistent

values for the various parameters.
The bulk method Is based upon calculation of the scaling parameters

from mean quantities only. Their relationship Is obtained by integrating
Eq. 3 from the surface to some reference height Z (usually 10 meters)

U • ~~ (u.n 2/20 
- 

~ 
(c) ) (6a)

- TVo — 
~~~~~~~~ 

(Ln Z/Z 0T - ‘
~2 ~~~ 

(6b)

where 20 and 2o1 are the roughness lengths for U and I, TV0 is the sea sur-
face virtual potential temperature, and iP(~) are stabil ity correction func-
tions. Since the details of this method are covered elsewhere (Davidson , et

al. , 1978 and Fairall , et al. , 1978) we shall refrain from elaboration but

will point out that U~ and T~ could be calcula ted from Eq. 6. Note that the
atmospheric stability can also be expressed as

- Z/L - K~~ Z tAO + .18~~qJ TN H(~) (7)
U DN

where CTN and CDN are neutral stability drag coefficients and

(1 - K 1 CD
’
~ ~i (~))

2

H(~ ) — (8)
El - (aK) CT~ ~~~~~

3. Above the Surface Layer
The MOS expressions are not valid throughout the entire boundary

layer. Al though the upper limits of validity are typically quoted as ~
50 m, in fact , this limi t is very dependent on stability , inversion height ,

9 
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and probably other factors. It al so appears that Eq. 5 can be valid to much
greater heights than Eq. 3. This Is a vital area of research in marine
boundary layer dynamics and was the primary motivation for making the ladder
profiles. Presumably this data can form part of a data set that can be used
to investigate this problem.

D. DATA COMPARISON

The initial data analysis was conducted using the relationships and

cal ibration factors described in Section II. After the results were output,
selected measurements from the aircraft could be compared with surface mea-
surements (courtesy of Calspan on Stage I) or in flight wet-dry bulb measure-
ments. The actual value of these comparisons is contained more In their
ability to Illustrate confidence levels than in absolute standards since it
is not obvious , a priori , which of the measurements is the “correc t” one .

1. Stage I (Calspan) - Aircraft Comparison
For those flights requiring the aircraft to be In the vicinity of

Stage I, a fly-by data comparison was arranged . The Caispan people would
specifically record readings from their instruments when the low level fly-by
occurred. The data was relayed later by telephone. This data is suninarized
In Table II with appropriate bulk calculations of the MOS scaling parameters
(assuming a level height of 27 meters).

Measurements of air temperature, sea surface temperature and fric-
tion velocity from Stage I were compared with those of the aircraft (Table
III). The sea surface temperatures agree quite well whereas the aircraft air

temperatures are systematically about 1°C higher than Calspan ’s. Given the
uncertainty in the aircraft val ues due to variation s In line voltage , one
would assume that the Calspan measurements are more accurate (however, one
should note the wet-dry bulb comparisons). The aircraft measurements of U,,,
are obtained directly from the C data, whi le the Stage I values are obta ined
from bulk calcula tions and are determined primarily by the wind speed.

I
10
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The agreement for Ui,, is excellent except on 12/05 and 12/11. Since the
winds were light and from a direction wi th possible tower infl uence, we
suspect that the tower wind speeds were slightly low, although there are
other possibilities (such as wave influence or inadequacies of the bulk
model).

2. Wet-Dry Bulb to Aircraft Comparison
A complete listing of all in-fl i ght wet-dry bulb measurements

during PC I! with corresponding values from the aircraft platinum tempera-
ture sensor and the NAC refractometer is given In Appendix A. Let us de-
fine the wet-dry bulb data as follows.

D - dry bulb temperature
e - measured value of water vapor pressure

Nc - value of N calcula ted from e

Let us also define the aircraft data as follows :
I = Pt air temperature

N = measured refractivity
ec water vapor calculated from N

The following table suninarizes the comparison of these data.

TABLE IV. SUMMARY OF WET-DRY BULB DATA COMPARED WITH AIRCRAFT AIR
TEMPERATURE AND REFRACTIVITY VALUES

T - D ,°C N _ N
e ec

_ e ’.mb

Average -0.1 3.8 1.0

0 0.9 3.3 0.8

The Ininedlate conclusion one reaches from these results is that
N0 (Section IrA) should be increased to 57.3. This is consistent wi th the
correction of 3.2 N units that one would expect due to the ram-air effect
on the measurements at flight speed (the value of N0 — 53.5 was determined
on the ground).

13 
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•PANAMA C1TY

4,8,14~— 
- 

-

1,3,11 ,q
15,17,18~ ~“ 

/

“ g o

19,20,21 \ -

~~
16

7 —

2 9 -

0 10 20 30N.MI.
I I

I
86 87

NOTE: The X and circled X represent Stage II and Stage I respectively.
The numbers are the profile number designations.

FIgure 1. Locations of Ladder Profiles for PC II
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TABLE V. LADDER PROFILE MOS SCALING DATA FOR PC II. ALSO GIVEN ARE
THE HEIGHT OF THE INVERSION (oR BOUNDARY LAYER THICKNESS),
Z1, AND THE NUMBER OF POINTS , N, IN THE PROFILE

— 
Prof i1~ Date Pin~ T*

• (rn/a) (C) (gm/kg ) (in)

1 11/26- 125-2 3.400 —~hud2 —u.160 — 125 14
2 11/26 1436 U.2~~~J — u .095 —0.1~ U —56 9u0 i.e
3 12/02 1405 0.240 —0 .135 — U. id U —29 230
4 U/~fl 11OR 0 .030 tL U th) 233 2.i i.i 11
5 12/03 1.201 0 .240 0.u15 — 0 .01 8 420 60 10o 12/03 1232 0.180 0.024 —0 .u09 120 60 9
7 12/0 3 133 tJ . 3~4Q LLQ3 I — U . 0 4~) 403 12u 11
8 12/05 153.~ 0 . 2 4 0  — 0 . 2 6 0  —0 .4 10 —15 7ou 10
9 12/0~ 1 24 0.2b0 — u . .~70 —0 .400  — lb 7u0 13

10 12Jii7 Isl i 1L2~~LI i L d i c  —~L U0 7 3.9 1) 7~ 12
11 12/0 7 160]. 0.235 0.025 u.ulU 171 100 Ii.
12 12/10 125* 0.53u —0.440 0.000 —~ 3 76o 10

— 13 12/10 1324 LL IaQ — 0 . 3 51) o..000 —3 4 Thu 11
i.e 12/10 1410 0.32u —0.490 —0.490 —i~ 7~,u
15 12/10 1523 11.340 —0 .460 —0.370 —17 62u 1’~12/10 1617 ~LA40 — 0 . 4 ~~ ) — t i . 5 0 0  —1~ 1.~
17 12/11 102]. 0.28 0 —0 .440 —0.43 0 —-13 700 12
18 12/12 1642 0.23 0 —0.180 —0 .500 —24 800 18

— 
1 12113 1154 0 1~ U —0..210 —U .4 70  —13 6uu 17
20 12/13 1459 0 .170 — 0 . 2 0 u  — 0 . 4 2 0  —9 5~~U
21 12/13 1721 0.14 0 —u. 120 — 0 . 4 4 0  —5 4~~U 17
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E. RESULTS

1. Interpretation

The time series printouts (Appendix B) are intended as reasonable
representations of the relevant data for each flight. The following are
not included:

(1) FlIght, 7 and 10, which were equipment test fl ights .
(2) Data from the beginning and end of the fl ight , which were overland

and greatly contaminated with radio traffic.
(3) Redundant or non-functional instruments .

No attempt has been made to eliminate data affected by RFI since some instru-
nients were relatively uninfluenced. The data most severely affected by RFI
were C1

2, € , E, N and e. The presence of RFI is most easily detected by look-
ing for sudden , dramatic (even incredible) changes in these parameters . For
instance , on Flight 1 at 1248:19 , ~ changed from 1O~~ (a reasonable value ) to
102 (totally unreasonable) while e actually went negative - a sure indication
that the pilot was using the radio.

2. Ladder Profiles
The ladder profiles provide a picture of the boundary layer and

the regions of validity of the surface layer scaling . The MOS scaling data
for each profile are given in Table V. The locations of the profi les are
shown in Figure 1 according to profile number. An example of a ladder profile
(Figure 2) is shown for illustration and explanation . The left hand part of
the graph shows the mean data (virtual potential temperature and dew point),
the right hand side shows the turbulence data (C1

2 and 
~~

). The extreme left
hand side is a “blow-up” of the vi rtual potential temperature on a 1°C scale.
The lines on the turbulence graph represent the MOS expressions (Eq. 5) where
the values of U~, and T~ have been selected to forte the MOS expressions to
fit the lowest two or three data points . The value of q.~ was obtained simply
-from ~ = -.36 (q5 

- q) where q5 is the sea surface value and q is the value
at Z — 10 meters . In this example , the boundary layer Is approxImately 800
meters thick as indicated by the strong peak in C1

2 and the sharp drop off in
the dew point.

16
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APPEND IX A

WET-DRY BULB DATA AND COMPARISON WIT H OTHER AIRCRA FT INSTRUMENTS

Z, alt i tude

P, pressure
W, wet bulb temperature
0, dry bul b temperature

e, partial pressure of water vapor
H, relative humidity
Nc~ 

resultant calculation of N from e
T, Rosemount temperature

N, microwave refractometer value of N

e, resul tant from N

- • N • 77.6 P 3.73 x ~~ e
(T + 273) (T + 273)2

-Li

A-l

Ii 
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APPENDIX B
FLIGHT DATA TIME SERIES PRINTOUT FOR PC II

This appendix contains flight data time series printout (about 32
second average time ) for PC II. Figures B-i through B-14 illustrate the
flight path for the subsequent printout . The fol lowing symbol s are used
for the printouts:

Alt , al titude
1, temperature (Pt resistor)
T5, Barnes IR sea surface temperature
N, microwave refractivity
e, partial pressure of water vapor (from N)
E, electric field
Eps, rate of dissipation of turbulent kinetic energy (e)
CT

2, temperature structure function parameter
P, atmospheric pressure

B-i 
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NOTE: Numbers g ive time in Central Standa rd Time

Figure B-i . Flight 1 Flight Track
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Figure B-14. Flight 14 Flight Track
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APPENDIX C

LADDER PROFILE DATA FOR PC II

Ladder profile data for PC II consisting of a graph (Figures C-i
through C-21) and tabular printout for each profile. The profile locations
are given in Figure 1 and the lIDS scaling data is given in Table V in the
body of this report. These symbols are used in the following printouts.

Time, hhninss
Alt , altitude in ft and m
VT, virtual potential temperature
T, temperature
Id, dew point temperature
N, microwave refractivity
e, partial pressure of water vapor (from N)
E, electric field
Eps, rate of dissipation of turbulent kinetic energy (c )
CT

2 temperature structure function parameter
P, pressure
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