MILLIMETER ARRAY,

MEMO NO._//€

Atmospheric Opacity Observations from the VLBA and CSO Sites
on Mauna Kea

FRED SCEWAB
June 13, 1994

Abstract. Fourteen months of atmospheric opacity observations from the Caltech Submil-
limeter Observatory (CSO) site and the VLBA site on Mauna Kea, Hawaii, are presented in
this memorandum. These data, which cover the time period November 1992 through Decem-
ber 1993, were acquired by two of the NRAO 225-GHz tipping radiometers, in continuance of
the MMA site testing program. The VLBA site, located at the 3725-m (12,220-ft) level, is ad-
jacent to the potential MMA site on Mauna Kea. The CSO site is at 4072m (13,360ft). A plot
of each day’s data is shown. Quartile values of the opacity measurements during the 14-month
period are (0.052, 0.080, 0.146) Nepers for the CSO site and (0.070, 0.112, 0.216) Nepers for
the VLBA site.

Two of the NRAO’s 225-GHz tipping radiometers have been in continual, simultaneous
operation on Mauna Kea since November of 1992. One is located near the summit, at the
site of the Caltech Submillimeter Observatory (CSO). Earlier data from this site, covering
the time period September 1989 through August 1991, were presented by Hogg in MMA
Memorandum No. 79 [1]. The second instrument is located at the VLBA antenna site,
which is adjacent to one of'‘the sites that is under consideration for the proposed Millimeter
Array. The VLBA site is at the 3725-m (12,220-ft) level of the mountain and approximately
4km distant from the CSO site, which is at 4072m (13,360ft).

The equipment, the observational technique, and the data-recording scheme that were
employed for these observations are identical in all essential respects to those which were
used for the earlier observations described by Hogg in [1]. Tipping scans, each producing
an estimate of the zenith opacity, were generally performed every ten minutes of the day,
except during one-hour periods spaced, typically, five hours apart. (The sky-brightness-
temperature fluctuation data which were recorded during these one-hour periods will be
described elsewhere.) The observations presented here cover the period November 1992
through December 1993.}

Data editing, analysis, and display all were done within the Mathematica package from
Wolfram Research, Inc. '

Data Editing. Data from most of this time period appeared to be of excellent quality,
so it was unnecessary to edit the data very heavily. Because of the geographical proximity
of the two radiometers, one would expect their outputs to track one another quite closely.
Generally this was the case—the data streams appeared to be mutually consistent and
strongly correlated, except that during the first couple of months of operation there were
periods of erratic behavior from the CSO radiometer and periods when its opacity readings
were anomalously high. Also, there were some anomalous spikes in the data. It was decided
to apply only two editing operations: (1) Opacity readings from the CSO tipper which were
more than 20% higher than the value interpolated from VLBA tipper measurements were
discarded; and (2), points deviating by more than 35% from a three-point running average
were discarded.

1The radiometer at the VLBA site was not operational between mid-January and mid-March of 1994.
Becaunse of this, and since the only additional data yet available are from April, the 1994 data will be
presented in a later memorandum.



With the exception of the first three months of data, where large fractions (10%-20%)
were edited out, generally around a few percent of the data were discarded. The rank-order
statistics (quartiles and deciles) presented below were little affected by the data editing,
except at the high end (above the fiftieth percentile). Still, in retrospect, I feel the data were
somewhat over-edited, but this editing strategy was settled upon for the sake of consistency
with the data editing which was used (by me) for the New Mexico and Arizona sites.

Results. Plots of each month’s data, and for each day of the month, are shown in Fig-
ures 1 through 14. The abscissae of these plots represent time of day, in hours UT. Hawaii
is ten hours west of Greenwich; thus the nighttime period is at the middle portion of each
plot. The histograms show the distributions of observed opacities from each month, along
with quartile values and the ratios of quartiles. (During & few of the months, significant
amounts of data were lost, due to equipment malfunction, at one or the other of the sites, so
one should exercise caution in interpreting the histograms and summary statistics for these
particular months.) It is interesting to compare the November/December data of 1992 with
the data from the same two months of 1993: Nov./Dec. 1992 were poor months, while, in
contrast, Nov./Dec. 1993 were very good. Conditions of very low opacity prevailed during
prolonged periods throughout the months of January through May, 1993.

The ratio of the opacity measured at the VLBA site to the opacity measured at the
CSO site is generally around 1.2 when conditions are good at both sites; at other times
the ratio tends to be higher. Conditions are generally either good at both sites (e.g., on
April 17, 1993—see Fig. 6a), bad at both sites, or good at the CSO site and bad at the
VLBA site. The latter circumstance occurs during many of the daytime periods. Compare,
for example, the data for April 20, 24, 26, and 27, with those from April 17.

A plot of the frequency distributions of the two sets of Mauna Kea opacity data is
shown in Figure 15. The quartile values are (0.052, 0.080, 0.146) Nepers for the CSO site
and (0.070, 0.112, 0.216) Nepers for the VLBA site. The decile values are (0.037, 0.047,
0.058, 0.068, 0.080, 0.097, 0.126, 0.175, 0.268) and (0.048, 0.063, 0.077, 0.093, 0.112, 0.137,
0.181, 0.258, 0.391), respectively.

Figure 16 is a comparison of the 1992-1993 data from the CSO site with the 1989-1991
CSO data presented by Hogg in [1] (no previous data are available from the VLBA site).
First- and second-quartile values of opacity are plotted for each month. The 1992-1993
CSO data do not stand out as discordant or—insofar as one is able to conclude—atypical.

Copies of any (or all) of the raw or edited data from Mauna Kea could easily be pro-
vided to any interested party, as could a copy of the Mathematica command file which was
used for editing and displaying the data. If one were interested in applying a different edit-
ing strategy, generating additional summary statistics, or generating alternative graphical
displays, the Mathematica command file could easily be modified appropriately.

Color versions of the plots presented here were also generated. Bob Hjellming and I may
attempt to make these available in the NRAO “Mosaic” pages.

ACKNOWLEDGMENTS

The MMA tipping-radiometer site-testing campaign was initiated by Frazer Owen. Con-
tinuing organizational oversight has been provided by Bob Brown. Gerry Petencin has been
responsible for engineering support and maintenance of the tippers, as well their deploy-
ment in the field. Joanne Nance has done an admirable job of organizing and archiving the
raw measurements. Operational support has been provided by the local staffs of the CSO
and VLBA sites.



REFERENCE

[1] D. E. Hogg, “A summary of the data obtained during the mmA site survey”, NRAO Millimeter Array
Memorandum No. 79, February, 1992,



(USrD VAIA ‘(e 0SD :eie( 12ddi], 7661 I9qUISAON

o ST o ¢S 0z ST ot ® s o § o s1_ o § o St o1 ¢ "
—\.t P Aar 10 - T o I? - _Sd SW
7 N I J\;%‘ 1 by tr 1
i j " V4, om 4 M Wi 4 - _pwo P v A o
- L T 2 £ T 1A ST A dzro
N e € v ¥ 5 LA Y (4
€ >, ¥ y Y P P10 p1°0
v —<> 3 9 i 8o .\ 0
bk 3 i it i TJco .- 810
{o€ ‘11 ‘z661} {62 ‘11 ‘T661} (82 ‘11 ‘z661) {Lz 11 ‘2661} {9z ‘11 ‘z661}
0z ST o § 0z st o § o S o ¢ 0 ST 01 ¢S oz ST 0§
'0 N 10 10 m..
ot — 00 tikiro y 50 0
P 10 7 mhmo "
z1o e S1'0 é s i I .
i N ] T /i I I A
1 —0 [ 0 Ve e
% ' S| [ U :
sz 11 ‘zo61} {rz 11 2661} {ez 11 2661} {zz ‘11 ‘T661} {1z 11 ‘z661}
o _st_o__§ o s1 01 ¢S 0 ST o § oz ST o § o ST ol §
10 T T e. o ¥0'0 ) [~ A 0
% > ﬁm.ﬂ% .\v 1o 200 T e
/1 S0 [ AR s10 4 i N 0 el b o
ﬂ z _ A m.._ P _ 7o J ! 15] H Lo
€ s L. 0 z1'0 ,_.a '
g > © ¥ + 80°0
# /\ y w” L1 1o =
{oz ‘1t ‘z661} {61 ‘11 2661} {8111 ‘z661} {L1 11 ‘z661} {91 ‘11 ‘zZ661}
0 s1 o1 § o ST o § oo ST o § 0 st_o_§ o SI o ¢
~— o0 A . %00 o0 0
T o0 R e oo AT oo \C.&ﬂj e s e M 1
o pll\*%.“ \\/ 00 . /(l\\ 800 r / o - Zlogo
T Jaoo P 10 .T ro cro F 100
] goo zro T N o \ - 5\ w.w
_-_.e P10 ] L / 1'0
{S1 11 ‘z661) (#1171 ‘z661} €111 ‘z661} {z1 ‘11 ‘z661} {1111 2661}
0 S1_o S ! o St o0 ¢ 0 ST o1 S o S 0§ 0T s o ¢
P~ [t 2/» .Sm ﬂ\) - 00 .y N oo P~ ” ".,c o
i EWIFA i 4 A %00 oo - 00 IzZ0 Nl g A.
00 Wil oo %00 N 570 U .
I 180°0 iv4 ] ¢ ¥'0
o Mat¥ o ¥ fs 0 £0
: h I N wZl0 SE0 50
0 } (48] LA dor vo EH_».Q
%00 { v SY°0
{o1 ‘11 ‘z661} {611 ‘z661} {8°11 2661} {11 2661} {911 ‘z661}
o st o ¢ oz St o1 0 0 S§I 0 ¢ 0 o sI 0§ 0 o ST o0 § —o
A » » Y
] G0 Wt [P d e T = :
XA 2 W=t T : (P
] MAVA AR 3 \— € . Y d AW (M
L] N s W 4 ”- ~ “ i ” d t«m — :
1 €0 .< 9 49 _ T ] 4L
{s ‘11 ‘z661} (¥ 11 2661} {€ ‘11 ‘z661} {z'11 2661} {v ‘11 ‘z661}

Figure 1a. November 1992, 225-GHz zenith opacity observations (measured in units of Nepers) are plotted

versus time of day, in hours UT, for each day of the month.
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Figure 1b. Histogram of observed zenith opacities, November 1992,

b



0oz 1 0l ¢ [ 0T s o1 s
T T 0 0 ]
— 00 : :
o ™17 ¥ IR o
T e ) ) PR :
f Pbsto <0 i iy
v AL £0 | o
4 =620 ; Hil L g
7 i i ¢ =
{vg ‘21 ‘z66T} {8221 ‘Z661}
0z SL o1 ¢ [ I S
0 0 ] 0
[ VOO om0 S v o v,
[~ e, g [k b i . i i ik
.m x LA |m‘o ] : d— _____ h* 90
N e ' o 1 80
ANF Ny L ¢ 1 i m\ r_ !
{sz 21 ‘T661) (v 21 ‘661 (€221 'T661)
oz st ot s o vz ST 01§ 0z ST o1 ¢
e T1'0 - I
ey T NA e i A 6 B
P v v e ) Y. weld z0
i 810 = <1 AN
i [40) w ——9170 SST0
H 7o 7 L0 ) “/ 0
i o [ e : o
{0z ‘21 ‘z661} {6121 “2661) {8721 ‘Z661}
sto s 0z st ot s e S0l S 0
[
== . P, s
R === L\ a1
- M R <10 L D Y 7 0
P i YN S 1]
L i ) i L0
g i ) 80
ES 1] 610
T1 7661} {¥1 21 'T66T} 1€1°21 ‘z661}
vz stoo1 § 0z S ol s 0z - ST 01§
w.....f " 7 ./F. Al don 1&.“)., 900
POV A ki £00 \,,..\ oo
i & _ Wb, A Lo
@ 500 T RAA T
_ i _T. ..... B0
{600 T "
{01 ‘21 ‘z661} {621 ‘zo61) 1821 ‘T661}
oz §1 ol ¢ 0c ST 01§ 0T sl 01§
—_ 1 - k 10 5z
€0 I |- o
BN . P A YO ML
S e L ARG VR S SR T e
1Y P N s 2 Ao
1 Mwm W0 e e €0 T Pyl
L g : 'l LI ST 0
_ ] bt b0 AL

{sz1 ‘zaaTl

{¥ 21 'z66T}

€zt 'z661}

J
s

f=1

(1€ 21 ‘T661}

[

]
I

G

o

0 -0
I PR N . o I i
ST [l _.‘,J___Mz.ﬂﬂﬁ_ e
7 \ L Af LV E A
T HE ¥ H
v [ 1§ -
T T i 13
V7Y ;
i iy ¥
{4221 ‘T661)  {oz'zi zesIl
0z ST o0l ¢ 07 €1 01§
m g T F 10
I AN | o
: 0
i , Eﬁ% _ﬂy_ﬁ
‘ ” | ¥ 3._{“ &
i+ i — U N o B
{zz 71 ‘zé61} Clizen zesl )
0z s 01§ z_st o s
] n N == ; S0
- 0 g WS
PN VAN WA Y Bal L
) il I, q . v mH
A Y ALY ] <7
i SHEC0 €
Aat] S <S¢
L1 21 2661} {v1
0z st o1 ¢ [

0 0
- __q>mm_“m.0 £ _— n._w-
=] L erg 17 <
o w1 W i e =)
i ST0 i &
; £0 ] £ 0
] 93] i Rl 90
{1121 ‘za61 )
. g Ss1oo1 §
PO —— -
o R
w:. L] .J\ﬁ —_— N._u..
LD P00
%00 -
600 — — ]
1921 "z661)
iz S1or € 0z ST 0l S
e ..?\,r‘_ Az e RIS -
x__k_. ,._.,i._ ..r\/.’ EJ { I

I

¥

]

(271 T661)

(OUSrD VETA ‘(e 0SD :ereq 1ddi], 766 1oquieod(

{1z ze6t)

ts of Nepers) are plotted

11 umni

, for each day of the month.

Figure 2a. December 1992, 225-GHz zenith opacity observations (measured

versus time of day, in hours UT
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Figure 2b. Histogram of observed zenith opacities, December 1992.
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(measured in units of Nepers) are plotted

Figure 3a. January 1993, 225-GHz zenith opacity observations
versus time of day, in hours UT, for each day of the month.
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Figure 3b. Histogram of observed zenith opacities, January 199
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(measured in units of Nepers) are plotted

Figure 4a. February 1993, 225-GHz zenith opacity observations
versus time of day, in hours UT, for each day of the month.

10



(s1odapN) Kovdp

0e'l
9Tl
LT1
onex

CCOFC0ET0TC0ITO TO 6I08IOLIO9TOSTOFIOETIOTIOIT0 10 60°080°0L00900500%0°0
1 i ] ] f ] 1 7 23 |

B2
021’0 T60°0 MM
LLOO  190°0 m
2900  6¥0°0 |
VHIA 0OSD
samreng)

(USrT) VAIA ‘Cireq) 0SO :eie( Joddiy, €661 Areniqag

£0'020010°0

€00

Kouanbaig aane[oy

February 1993.

Figure 4b. Histogram of observed zenith opacities,

11



FEa .
i B0
—(i?««&al/J)) # ..m ]
i e & Ty o
m “ zro
! vI'0
{1€ '€ “E66T}
0z ST o0l ¢ w s1o01 ¢ 0z 101 ¢ 0z ST 01§ 0z ST 01§
1L e).,._.. \)E.._/.L *wdd |.§}\3Lr‘} NS00 v oo 1 A o wo”o
N~ ¥ 900 L7 VA e et T 900
il Y 500
rfoo pall o0 I I SN 300
§ il AN : P FHLOD e 90
L PAMI P00 A Rl o
P i <00 . i moo I..n,\:__m i { 7 u___.m.: FAR))
% . 5800 : : 80°0 F10
{0£ ¢ "g661) 162 ' €661} {82 ¢ "g661)
0z ST 01 ¢ 00 0z ST 01 ¢ ST § 0z ST o1 ¢ .
T~ ] S — 00 ] 900 o
# e 90°0 900 o L0 S0
Wi e 800 et L0'0 MR 80°0 0
7 ) I —ls00 600 2N ¢
T Lo e 10 S G s LN
7 o ') 1o Asto
£ 10 : 1o 710 R
i I i L oo
e 910 o (AN ANl 7
(vz ¢ 'ta61l {€2°¢ 'eaal} {12 ¢ "e66T}
0z ST 01 ¢ 0z ST 01 S e st ool s 0z S0 ¢
510 - 500 AT, 10 A v 7 SN A
P e 800 i A AT eels h—Tero
7o Zll oo : o 1o fl Y ; : Llrro
) bl [ ! - f PO N Ve lo10
§T0 : S prg < - et
. tor - 14 o n e
0 S Y210 VT i Sro o
{61 ¢ ‘26611 {81 ¢ '€661) {L1°¢ “g661) {91 '€ €661
0z s1 01§ 0z St 01 ¢ . 01 ¢ ) 0z S 01§ 0z s1oo01 €
800 e { e : 70 L )
G, P 4 T T C e - A wwo
u— h o k| e ¥ I
— 1o I i oo A z Y AR Hero 718 % _
— F1°0 7 W 4 ¢ A 10 ;i - H—{Z10
; 1 Joro " o [N . <10 I
NP 810 10 ; VA 910 [
et -0 Herp ! i o - LT'D a0
{c1 ¢ ea6lt {¥1 ¢ ‘ga61} - eregenl) {21 genl) {11 '€ "e661)
0z ST o1 ¢ 0z S o1 ¢ 0z ST 01 S o stoor s g S1ool ¢
0 e I S T ; ] R v
TS o0 e N A._T_a_v__r._.m Hoc S S N frp
K e o 4 i v L ¥ i
a g Lo ik zo w.z.o T —co ] D P
ey 1 i ¥ e ; /
FrsEe T £0 910 | N - L0
i ..n..n._u i ili - se0 810 i ]! 7o —F0
{6°¢ ‘6611 (8¢ 661 {L'c eeaL) {9'¢ 'g661)
0z S1 01§ 0z ST oL € 0z ST 01 S 0z Sto0r ¢
00 A P [ o Y - ..:g_- __nn.c | ]
00 \.JL?, . i o0 Ao, [0 Fﬂ R, cE00 [ S
1 o et SE0°0 . Ay 30 N S o, 14 3 T
HEE00 Fl st [y SATALY b i ¥pd Ao i .
900 ] 00 o i 00 i \ | ) w_w
o - Ast00 SHOD P 500
[ o0 -0 <00
H800 ] E 1 | ¥ <00
(¢ e canll v e ea61) =] {z e e661} 1€ €661}

(USrD VEIA ‘Clea) 0SD :®req 1oddi], €661 yoTey

Figure 5a. March 1993, 225-GHz zenith opacity observations (measured in units of Nepers) are plotted
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versus time of day, in hours UT, for each day of the month.
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1993, 225-GHz zenith opacity observations (measured in units of Nepers) are plotted

in hours UT, for each day of the month.

Figure 6a. April
versus time of day,
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Figure 8a. June 1993, 225-GHz zenith opacity observations (measured in units of Nepers) are plotted
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versus time of day, in hours UT, for each day of the month.
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Figure 9a. July 1993, 225-GHz zenith opacity observations (measured in units of Nepers) are plotted versus

time of day, in hours UT, for each day of the month.
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(measured in units of Nepers) are plotted

September 1993, 225-GHz zenith opacity observations

Figure 11a.

versus time of day, in hours UT, for each day of the month.
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Figure 11b. Histogram of observed zenith opacities, September 1993.
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zenith opacity observations (measured in units of Nepers) are plotted
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versus time of day, in hours UT, for each day of the month.

Figure 12a. October 1993, 225-GHz
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Figure 12b. Histogram of observed zenith opacities, October 1993.
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November 1993, 225-GHz zenith opacity observations (measured in units of Nepers) are plotted

Figure 13a.

in hours UT, for each day of the month.

versus time of day,
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am of observed zenith opacities, November 1993.

Figure 13b. Histogr
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Figure 14a. December 1993, 225-GHz zenith opacity observations (measured

versus time of day, in hours UT, for each day of the month.
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gure 14b. Histogram of observed zenith opacities, December 199

i



(srodaN) LyoedQ Yuey

suonnqrusicy Loed

PAAIRSqO

%001

NoRI]

TBAIISQQ) JO UO

SUor

ervations from the fourteen month period

obs

the Mauna Kea opacity

v distribution of

Figure 15. Frequenc

0.080, 0.146) Nepers for the CSO site

.052,
s are

0

(

e
le value

92 through December 1993. The quartile values ar

November 19

0.037, 0.047, 0.058, 0.068, 0.080,

(

ecl
0.112

The d
0.093

ite.

0.077

e VLBA s

) Nepers for th
268) and (0.048

and (0.070, 0.112, 0.216
0.097, 0.126, 0.175,

81, 0.258, 0.391), respectively.

137,01

0

3 bl 1

063,

0

¥

0

32



Opacity (Nepers)

Opacity (Nepers)

0.2

0.175

0.15}

0.125

0.1

0.075

0.05

0.025

0.25

0.2

0.15

0.05

Monthly First-Quartile Opacities

Month

Monthly Median (2nd Quartile) Opacities

3"
“\
.,
2 4 6 8 0 12
Month

Figure 16. Comparison of first- and second-quartile values of opacity at the CSO site, for the time period
November 1992 through December 1993, with data given by Hogg [1] for the period September 1989 through
August 1991. The 1992-1993 data are represented by the darkest pair of lines.
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