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MEASUREMENT OF ATMOSPHERIC WATER VAPOR 

BY A SPECTROPHOTOMETRIC TECHNIQUE 

ABSTRACT 

A spectroscopic technique was used to measure the total amount of water 
vapor between the point of observation and the sun. Measurements were taken 
continuously throughout the day, yielding a detailed picture of water vapor 
variations as a function of time. Results from 28 days of observation over 
a period of a year show a wide variety of situations ranging from days of 
relatively stable and constant precipitable water vapor W to days in which 
large changes occur, sometimes quite abruptly. The median value of the range 
of W within successive one-hour periods was found to be 0.05 in, with ten per 
cent of all ranges exceeding 0.12 in, the latter amounting to about fifteen 
per cent of the annual mean of Wat the locality in question. It is concluded 
that significant W-fluctuations are commonly missed in routine radiosonde 
practice. Natural variations of Ware, on the average, somewhat greater than 
the instrumental errors of radiosondes. Crude estimates of moist 11bubble11 

diameters of 0.5 to 12 kilometers were obtained. 

I. INTRODUCTION. 

This is a report on a study of the structure of the atmospheric water 

vapor over Tucson, Arizona. The measurements emphasize the detection of rapid 

time-variations in the precipitable water, W. Regular Weather Bureau radio

sonde observations provide information about the vertical distribution and 

total mass of water vapor at only two times during each day. The use of addi

tional radiosondes for more detailed study would not only be prohibitively 

expensive, but would still fail to insure detection of possible short-time 

variations in atmospheric water vapor content due to the finite time required 

to complete any one ascent. In the present study, a spectroscopic method was 

used which gave essentially instantaneous determinations of the total amount 

of water vapor along a sloping path through the atmosphere from observer to sun. 
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The technique utilizes the fact that atmospheric water vapor produces 

well-known vibration-rotation absorption bands in the near infra-red solar 

spectrum. The absorption produced is proportional to the amount of water 

vapor present in the atmosphere along the path from the sun to the point of 

observation. Therefore, one can use an infra-red spectrometer, with the sun 

as a source, to measure the variations in a suitable water vapor band such as 

the 0.935 µ "rho band". A calibration curve can then be used to relate these 

variations to the variations in the water vapor producing the absorption. 

II. LITERATURE REVIEW. 

F. E. Fowle (1912) used an infra-red spectrometer to examine the 1.13 µ 

and 1.47 µ water vapor bands. He related the spectrometric measurements of 

absorption in the bands to the water vapor producing the absorption through a 

combination of laboratory and atmospheric observations. His calibration curve 

was extended to W = 0.5 cm using a laboratory absorption cell and Nernst lamps 

for the spectrometer light source. Using the sun as a source, he extended the 

calibration curve to higher values of W by observing the atmospheric water 

vapor above Mount Wilson. Fowle (1913) used his calibration curve for the 

1. 13 p water vapor band to calibrate the 0. 935 µ band and made further measure

ments of water vapor from Mount Wilson. Aldrich (1949) verified the correctness 

of Fowle's calibration curve. 

Fowle's technique, or some modification thereof, has since been used by 

many investigators of atmospheric water vapor. To mention only a few, Adel 

and Lampland (1939), Hand (1940), Foster and Foskett (1945) and Gates (1955) 

used spectroscopic techniques to measure water vapor contained in a path through 

the entire atmosphere. These investigators (except for Adel and Lampland) used 

the 0.935 µ water vapor band. A detailed discussion of this band is given by 

Baumann and Mecke (1933). 
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III. TECHNIQUE. 

The vibration-rotation lines of the water vapor molecular absorption 

spectrum fall into clusters forming well-known absorption bands in the near 

infra-red solar spectrum. The 0.935 p. "rho band" was used in this study. 

This band is shown in Figure 1 as recorded by the spectrometer used in this 

research. This band will respond to the magnitudes of W characteristically 

found in Tucson without reaching saturation. It is fairly near the wavelength 

of maximum flux density in the solar spectrum (0.555 µ), and is located within 

the range of the PbS detector used. 

The spectrometer alternately measures ordinates A and B (see Figure 1), 

where A is proportional to the power in the solar spectrum at 0.935 p, measured 

with respect to the dark background of the spectrometer, and Bis proportional 

to the reference level at 1.03 µ, where negligible water vapor absorption occurs. 

The value of A varies inversely with the changes in absorbing water vapor. A 

measurement of A alone could be influenced by scattering by particulate matter 

in the atmosphere, so the ratio A/Bis used since it is sensitive only to water 

vapor absorption in the atmosphere. The relation between A/Band Wis estab

lished by calibration (described below). One may then determine the amount of 

water vapor along the sun's path through the atmosphere (the sun's disc must be 

unobstructed by clouds). Since the length of the column of absorbing water 

vapor varies with the sun's changing elevation angle, one corrects the measure

ments to unit atmospheric thickness by dividing the apparent W by the air mass.* 

IV. EXPERIMENTAL EQUIPMENT. 

The equipment will be discussed in terms of three component parts: (1) 

heliostat, (2) infra-red spectrometer, and (3) detector and recorder. The 

equipment was designed with portability in mind so that measurements could be 

*See Hand (1946) p. 30 for a table of air mass against sun's elevation angle. 



easily taken in various field situations. However, all measurements reported 

here were taken on The University of Arizona campus. 

A motor-driven mirror making one revolution per day is mounted on a 

theodolite parallel to the optic axis of the instrument. The theodolite is 

tripod-mounted. Knowing the position of some geographic feature with respect 

to north, and knowing one's latitude, one may use the theodolite to locate a 

direction in space parallel to the earth's rotation axis. The heliostat is 

then equatorially mounted. When the mirror is adjusted for current solar 

declination, the reflected light of the sun is directed down the polar axis 

throughout the day. Alignment errors resulting in solar-beam drift may be 

corrected by adjusting the hour angle of the heliostat, azimuth of the theod

olite, and elevation of the heliostat. 

The spectrometer was constructed for the express purpose of these measure

ments. All optics are reflectors in order that other experiments could be per

formed at longer wavelengths. A concave mirror of 23.8-inch focal length 

focuses the sun's image on the spectrometer entrance slit which is 0.01 inch 

wide and 0.13 inch long (about three-fourths of the solar image diameter). A 

21.3-inch concave mirror renders light from the slit parallel for illumination 

of a reflection-type diffraction-grating. The grating has 600 lines per mm and 

is blazed for maximum intensity in the 1 µ spectral region. The grating may be 

rotated manually by an externally mounted dial such that one rotation of the 

dial corresponds to 5 degrees of angular change of the grating. The dispersed 

light from the grating is focused on three exit slits by another 21.3-inch 

mirror. The linear dispersion of the system is 14.6 inch-micron. A red filter 

over the entrance port of the spectrometer eliminates the second-order visible 

spectrum from the measurement. The exit slits are small mirrors (0.08 x 0.4 

inch), each of which is adjusted to direct its reflected beam to the same PbS 
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detector cell (sensitive area of 4 x 4 tmn). The slits are located in the 

focal plane at points corresponding to 0.935, 1.03, and 1.1 µ in the -solar 

spectrum where the rho absorption band, reference level, and phi band are 

located, respectively. A chopper system exposes only one mirror-slit at a 

time to the detector and after each measurement all are covered to interpose 

a dark-level reading between each spectral measurement. Since the reference

level measurement was reuch more intense than that from an absorption wavelength, 

it was necessary to attenuate this signal with a neutral density filter in order 

that the signals would be comparable on the recorder. 

The PbS detector cell is used in an operational amplifier circuit which 

maintains approximately 50 volts DC across the cell and matches the resistance 

of the cell to that of the recorder. 

A Varian recorder with full-scale sensitivity of 10 mv is used at a 

recording speed of 1/2 inch/min. The rho band, reference level, and phi band 

are measured in succession. Each measurement appears as a bar on the recording 

paper with a 5-second width and a height proportional to the power at the point 

in the solar spectrum measured. Figure 2 shows a section of the data as pre

sented by the recorder. The highest bars are the reference level measurements, 
i_ 

intermediate bars the rho band measurements, and the shortest bars represent 

the phi band (these data were not used). Although the PbS cell has a response 

time of about 10- 3 sec, the manner in which data is taken limits one to the 

detection of time changes in W greater than 30 sec. 

v. DATA-TAKING PROCEDURE. 

The heliostat is aligned so that the sun is tracked throughout the day. 

The spectrometer is aligned so that the sun's image falls on the entrance slit. 

The grating is manually rotated with the rho band exit slit uncovered, thereby 
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tracing out the profile of that water vapor absorption band on the recording 

paper (see Figure 1). In this way, the bottom of the rho band can be accurately 

located for subsequent power measurements. The rho- and phi-band mirror-slits 

are adjusted for maximum intensity. The data are then recorded as described 

above. Time from Station WWV is converted into apparent solar time which is 

used by the recorder. In this way, the sun's elevation angle (and thus the air 

mass) can be readily determined for each W reading. The resistance and sensi

tivity of the PbS cell are strongly temperature dependent. Therefore, one must 

make frequent adjustments to correct for small temperature changes of the cell 

(note in Figure 2 the upward drift of the baseline corresponding to a warming 

cell). Adjustments must also be made on the heliostat alignment to correct for 

solar beam drift. Data are taken as continuously as possible throughout the 

day. The heights of the rho and reference bars are measured as the data appear 

and their ratio is computed and plotted against solar time. The ratios are 

usually determined at points five minutes apart unless obvious vapor changes 

occurred within that interval. The computed ratip represents an average of 

two adjacent rho and reference measurements around the selected time of observa-

tion. 

Figure 3 indicates some types of variations which can be seen in the raw 

data of the ratio (rho/reference) against time. The ordinate is the ratio and 

the abscissa is time from solar noon in hours. In this presentation, morning 

and afternoon ratios have the same air mass and so the two may be qualitatively 

compared. 

VI. DATA REDUCTION. 

Using a calibration curve, one goes from a curve of ratio against time to 

a curve of the corresponding W against time. W may vary throughout the day due 
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to two effects: (1) actual changes in water vapor due to meteorological causes, 

and (2) changes in the length of the measured water vapor column due to the 

changing elevation angle of the sun. One wishes to remove the second effect 

from consideration. Knowing the solar time for a given W reading, one may 

determine the sun's elevation angle at that time and from this the air mass is 

computed. The plot of W thus reduced to unit atmospheric thickness against 

solar time is the form from which interpretation of the data is made. 

In some cases, the reduced W values may be arrived at more simply. The 

smooth solid lines seen in Figure 3 represent isolines of constant vertical W 

and correspond to what the instrument would measure if the atmospheric water 

vapor content were horizontally uniform and constant at the indicated values 

of W so that only air mass changed. Such curves are produced by extracting the 

appropriate ratios from the calibration curve corresponding to the chosen W 

and air mass values for the given day. By constructing a series of such 

isolines one may quickly determine by interpolation the values for W corrected 

to unit atmospheric thickness. 

VII. CALIBRATION. 

The rho water vapor absorption band is one of intermediate absorption 

intensity so that relatively large amounts (by laboratory standards) of water 

. vapor are necessary to produce saturation of the band. Therefore, the atmosphere 

was used for calibration of the instrument. Using this method, one requires a 

day during which the water vapor content of the atmosphere is nearly constant 

and horizontally uniform so that the spectrometer measures changes due only to 

air mass variations. One calculates from radiosonde data the actual amount of 

water vapor present in a vertical path through the atmosphere. The total amount 

of water vapor which affects the spectrometer is just the product of this 

constant water vapor amount in the vertical multiplied by the air mass 
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corresponding to each observation. This product is plotted against the observed 

ratios to get the calibration curve. 

Unfortunately, the desired condition of constant water vapor content is 

seldom satisfied throughout a whole day. It also happens, particularly in 

Tucson, that days with relatively constant water vapor have had insufficient 

water vapor in upper levels for accurate radiosonde measurement. 

Data were taken routinely and days that showed promise were singled out for 

calibration purposes. A 'promising day' was one for which the two radiosonde 

soundings produced nearly identical values of W, the raw spectrometric data 

themselves indicated fairly stable water vapor conditions (from the absence of 

significant short-time scale variations of the ratio), and the morning and 

afternoon ratios at same air mass were nearly the same. 

Special radiosonde soundings were taken near noon on each of four days 

giving a total of three W measurements per day on these four days. Two of these 

days were unusable for calibration purposes because of large water vapor varia

tions during the day. On one other day, special soundings were taken at noon 

and 10 A.M. In the cases where the W's were nearly the same, linear inter

polations were made between the times of the radiosonde ascents. The inter

polated values were then multiplied by air mass and the curve was produced as 

outlined above. In a few cases, when data on days of low W seemed good for cali

bration purposes except that the radiosonde was unable to measure the upper 

level water vapor, the data were normalized at one point where the ratio of the 

given day (at large air mass) equalled the ratio of another day when the W was 

accurately known. This provided a value for the W which was assumed good for 

all the data on the given day, and it was then used for calibration purposes as 

described above. The low-Wends of the calibration curves were produced in this 

manner. 
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Because of an accident in May 1960 which altered the geometry of the 

detector-exit slit system, it was necessary to calibrate the spectrometer twice. 

The two calibration curves are shown in Figures 4 and 5. In each case, data 

from five days were used to supply the points. The data obtained through 13 

April 1960 were analyzed on the basis of the first calibration curve; the 

remaining data on the basis of the second calibration curve. 

It is difficult to assign error values to the calibration curve. Obviously 

more defining points would be desirable; however, the combination of experi

mental problems, limitation of observations to relatively cloud-free days, and 

frequent significant changes of water vapor during observing days prevented the 

inclusion of more calibration points. In the cases where calibration data from 

different days overlap, agreement in magnitude and slope is fairly good. During 

the period covered by the second calibration curve, afternoon radiosondes were 

released at times when it was possible to compare W calculated from the sounding 

with that from the spectrometer. This comparison yields an average difference 

of 8 per cent in absolute magnitude for 14 days. At the time of day (about 1530) 

at which this comparison is made, the radiosonde and spectrometer are sampling 

quite different parts of the sky. Some of the days involved in this comparison 

show much variability (indicating inhomogeneous water vapor distribution) at the 

time the comparison was made. If one compares the seven days which indicate 

fairly stable conditions around 1530 solar time, the above percentage becomes 6 

per cent. The accuracy with which the radiosonde can measure Wis about 5 per 

cent, so the spectroscope measurements can be no better than 5 per cent, and if 

the first comparison is valid, could be off by 13 per cent from the real value 

of W. 
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If one considers only the distribution of points found on the calibration 

curves and assumes them to be normally distributed about the average line, one 

finds a standard deviation of 0.02 and 0.014 inch for the Win the first and 

second calibration curves, respectively. 

The results which are of most interest in this research are concerned more 

with the changes in water vapor than with absolute magnitude of W. Since the 

changes concern differences in magnitudes, the changes of water vapor should be 

considerably more accurately described than are the absolute magnitudes of W. 

VIII. DISCUSSION. 

A. Examples. Figures 6 - 15 present the results from 28 selected days of 

observations over a period of one year. Precipitable water Win inches corrected 

to unit atmospheric thickness is plotted against time in hours from solar noon. 

Included in each graph are the values of morning and evening W calculated from 

radiosonde data (percentages after W indicate the fraction of W which was esti

mated from statistical values) and the release times for the radiosondes. The 

error bars indicate the uncertainty in the W due to the experimental uncertainty 

in determining the ratio. 

One sees, in general, that W for winter months is low, as is to be expected, 

with only modest changes throughout the day. During summer months, Wis rela

tively high and the data show both modest changes and large changes, sometimes 

in a matter of a few tens of minutes. Such abrupt changes are exhibited by the 

results for June 15, June 17, June 24, July 5, July 6, and July 27, 1960. The 

summer months also show short time-scale fluctuations around the major W trends 

throughout the day. 

On 29 September 1959, one sees an increasing trend in water vapor throughout 

the day initiated by a period of considerable variability from 1000 to 1120 

solar time. A possible explanation is that a body of water vapor was moving 
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over Tucson, the leading edge of which contained a spotty distribution of 

water vapor. 

On 3 October 1959, the morning W trace shows little variation; however, 

the afternoon trace shows rapid oscillations of as much as 12 per cent around 

the mean Win 5 min. The morning of this day was completely clear, then shortly 

after noon small fair weather cumuli began growing all over the valley in which 

Tucson lies. The clouds continued to form during the rest of the afternoon 

although at no time were visible clouds in the solar path. The rapid oscilla

tions seen here are thought to be due to convective activity randomly mixing 

the moist air of the lower levels with the dry air aloft or to be due to 

"bubbles" which drifted across the spectrometer's line of sight. 

On 20 February 1960, numerous small fair weather cumuli were in existence 

at the time observations were begun. These began to dissipate around 1400 

until the sky was nearly clear at 1600. On 22 February 1960, the sky was 

completely clear until 1330 when small fair weather cumuli began to appear and 

persisted in small numbers until about 1500, when clouds began to grow into 

moderate size cumuli. In these two cases, the nature of the cloud activity 

seems to reflect the W behavior on the two days. 

On 2 June 1960 and 8 June 1960, observations were terminated in the after

noon by overcast skies. 

On 15 June 1960, clouds began to form in the morning and continued to grow 

throughout the day. The W increase of 0.1 inch from 1335 to 1400 preceded the 

interruption of data at 1410 by a very large mass of clouds. 

On 17 June, 1960, the morning sky was mostly clear. A few clouds began to 

form overhead around 1400. At 1430, a large bank of clouds was first noticed 

moving in from the southeast. These continued to grow in size the rest of the 

afternoon. The clouds nearly terminated observations during late afternoon. 
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The .increase of W of 0.1 inch at 1320 seems to have been produced by a moisture 

influx associated with these clouds. A special radiosonde run was taken at 

1135 solar time and the data from 1040 to 1200 were used for calibration pur-

poses. 

The dramatic changes in the W for 24 June, 1960 cannot be identified with 

cloud activity. There were some fair weather cumuli around from 1000 on, but 

were rather sparse. This case clearly indicates the existence of non-visible 

water-vapor "clouds". 

There was very little cloud activity on 11 July, 1960. The data·were 

interrupted from 1355 to 1420 due to experimental difficulties. 

Clouds terminated data taking at 1540 on 14 July, 1960. 

The results of 27 July, 1960 reflect the cloud activity. Considerable 

morning cloud activity gradually fell off until it was virtually clear at 1430. 

The sudden increase of moisture at 1520 (a rise of 0.25 inch of W, constituting 

about a 28 per cent increase in only 30 minutes) was not associated with any

thing correspondingly dramatic in terms of visible cloud formation. The sun at 

1540 was shining through a hazy sky in which onlr a few small clouds were forming. 

Here again the instrument seems to have detected a large but invisible anomaly 

in the water vapor distribution overhead. 

On 29 July, 1960, observations were terminated at 1325 (with the exception 

of one point at 1455) by a large bank of clouds which drifted in from the south. 

B. Some implications. The data were divided into 123 hourly periods and 

the range (maximum minus minimum reading) for each period was determined. The 

frequency distribution of these intra-hour ranges was skewed with a mode of 0.05 

inch of W, a median of 0.05 inch, and an average of 0.07 inch. Ninety per cent 

of the ranges were less than 0.12 inch. These quantities shed some light on the 

question of how well a W-value calculated from a single radiosonde data represents 



-13-

the moisture content of the atmosphere during a period extending from about 

one hour before to one hour after radiosonde ascent time. 

Two comparison figures may be noted: (1) the average annual W (calculated 

from radiosonde data) for Tucson is about 0.7 inch, (2) the radiosonde error 

of measurement is about 0.04 inch for Tucson's average W. We see then that the 

intra-hour ranges, as here deduced, approach the order of 10 per cent of the 

mean of Wand are thus not negligibly small. On the other hand, the instrumental 

error is not so large but that these intra-hour fluctuations will show up in the 

record of ascents that happen to be made at times of extrema. The net impli

cation is that significant W-fluctuations do occur within the time-duration of 

single ascents, that on probability grounds, some of them will be detected and 

others missed, and that this study has therefore revealed a source of random 

error in radiosonde work that is of certain aerological interest. 

If one assun:es that the observed W-oscillations are due to moist "bubbles" 

drifting across the line of observation, a very crude, but interesting, estimate 

of their diameter can be obtained. Three days were selected in which the wind 

directions at different levels were about the same, and in which no strong wind 

shear was present. The maximum and minimum wind speeds (in those levels con

taining almost all the water vapor) were paired with the maximum and minimum 

periods of oscillation (typical of the selected days) to produce the diameters 

listed below. One obtains "bubble" diameters ranging from 2 to 12, 1 to 5 and 

0.5 to 12 kilometers for 17 June, 1960, 24 June, 1960, and 29 September, 1959, 

respectively. 

IX. SUW..ARY. 

It is believed that the results presented here concerning precipitable 

water behavior throughout the day are the most detailed time-resolved W-data 
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published to date. One sees a wide variety of situations represented, ranging 

from days with very little variation of precipitable water to ones in which 

large-scale variations occurred, sometimes quite abruptly. On some days it 

was possible to make plausible speculations relating precipitable water change 

to cloud activity. 

A study of hourly ranges of W measurements indicated that one could expect 

natural variations of W (mode of 0.05-inch range within one-hour periods) which 

are greater than the errors in W (computed from radiosonde data) due to instru

mental errors. 

Crude estimates of moist "bubble" diameters were obtained, ranging from 

0.5 to 12 kilometers. 
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DESCRIPTION OF FIGURES 6 - 15 

In Figures 6 to 15, the ordinates give the precipitable water Win 

inches and the abscissa give time from solar noon in hours. Morning values 

are indicated by dashed lines and afternoon values by solid lines. Radio

sonde release times (converted to local solar time) are given under the symµol 

T, and W's computed from the radiosonde soundings are given under the symbol 

WR. In some cases, a third colu~n gives the percentage of WR which was computed 

from statistical values of relative humidity (i.e., estimates of relative 

humidity for regions in the atmosphere too dry to be measured by the radiosonde). 

Error flags are drawn on the curves shown. 
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