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ABSTRACT

The Snow White hygrometer, made by Meteolabor AG, Switzerland, is a new chilled-mirror instrument using
a thermoelectric Peltier cooler to measure atmospheric water vapor. Its performance under dry conditions is
evaluated in simultaneous measurements using the NOAA/CMDL frost-point hygrometer at Boulder, Colorado;
San Cristobal, Galapagos Islands, Ecuador; Watukosek, Indonesia; and Mauna Loa Observatory, Hawaii.

The Snow White exhibits a lower detection limit of about 3%—6% relative humidity, depending on the sensor
configuration. This detection limit is determined by the temperature depression attainable by the thermoelectric
cooler. In some cases, loss of frost-point control within layers with relative humidity below this detection limit
caused inaccurate measurements above these dry layers, where the relative humidity was within the detection

range of the instrument.

The sensor does not operate in the stratosphere because of the large frost-point depression and the large
potential for outgassing of water from the instrument box and the sensor housing. The instrument has some
capabilities in the tropical tropopause region; however, the results are somewhat mixed.

1. Introduction

In situ water vapor measurements in the upper tro-
posphere and lower stratosphere have recently gained
significant attention. Still, the available data are sparse,
mainly because of the technical difficulties measuring
low amounts of water vapor. Most radiosonde humidity
sensors are limited to altitudes well below the tropical
tropopause and do not respond to water vapor in the
stratosphere. There have been significant efforts to cor-
rect known problems in leading radiosonde humidity
sensors, that is, dry biasin the Vaisala Humicap-A (Mi-
loshevich et al. 2001), contamination in the Vaisala
Humicap-H (Wang et al. 2002), and time lag in the
Vaisala Humicap-H (Miloshevich et a. 2002). Never-
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theless, the need for sensors that accurately measure
water vapor in the upper troposphere and lower strato-
sphere remains. The Snow White chilled-mirror hy-
grometer, which will be described in detail in the in-
strumentation section, is a new commercial instrument
made by Meteolabor AG, Switzerland, that has recently
gained attention and is used at a number of sites for
process studies. This instrument may potentially bridge
the gap left by other sensors; however, its behavior is
not yet well characterized and the response under a va-
riety of conditions is not well documented.

A dtatistical evaluation using simultaneous Vaisala
radiosonde data as reference is presented by Fujiwara
et a. (2003). This study shows that in the tropical lower
and middle troposphere, where Vaisala Humicap-H sen-
sors are considered reliable, the Show White in general
produces accurate data. Furthermore, this study also
identifies two different dry biases of the Vaisala Hum-
icap-A sensor, one of which has been identified previ-



NovEMBER 2003

ously using the National Oceanic and Atmospheric Ad-
ministration (NOAA)/Climate Monitoring and Diag-
nostics Laboratory (CMDL) frost-point hygrometer
(Miloshevich et a. 2001). However, due to the various
issues of the Vaisala Humicap-A and Vaisala Humicap-
H sensors in the tropical upper troposphere, this study
could not investigate the behavior of the Snow White
in the uppermost troposphere or in extremely dry layers.

The NOAA/CMDL frost-point hygrometer is cur-
rently the only lightweight balloon-borne instrument,
bridging the gap for humidity measurements between
the middle troposphere and the middle stratosphere. It
has been flown monthly at Boulder, Colorado, since
1981 and campaign based at numerous other sites. While
it may be considered a reference instrument for water
vapor measurementsin the upper troposphere and lower
stratosphere, its price tag limits its use to special ap-
plications, where upper-tropospheric and stratospheric
water vapor measurements are the focus. Here we pre-
sent simultaneous measurements of water vapor by the
Snow White and the NOAA/CMDL frost-point hygrom-
eters and discuss the limitations of the Snow White
hygrometer under very dry conditions as well as its
behavior in the stratosphere and the upper troposphere.

2. Instrumentation
a. The NOAA/CMDL hygrometer

The NOAA/CMDL hygrometer is based on an in-
strument originally developed by Mastenbrook and
Dinger (1960). It uses the chilled-mirror principle, in
which a layer of condensate on a mirror is maintained
at a constant reflectivity by continuously adjusting the
temperature of the mirror, so that condensate neither
grows nor shrinks. Under this condition the mirror tem-
perature is equivalent to the dewpoint or frost-point tem-
perature of the air above the mirror, depending on the
phase of the condensate. The current instrument was
designed in the late 1970s (Oltmans 1985) and has been
used with only minor modifications since then (Vomel
et a. 1995).

A cryogen cools the mirror and a powerful heater is
used against this cold sink to control the mirror tem-
perature, allowing fast cooling and heating as well as a
fast response time throughout the entire measurement
range. Cryogenic cooling is essential for stratospheric
measurements, where the frost-point depression can
reach in excess of 100 K, which is unattainable by most
other means of cooling.

The data of the NOAA/CMDL hygrometer, the Snow
White hygrometer, an additional ozone sonde, and the
Vaisala radiosonde are digitized on board the payload
using a Tmax interface board and transmitted in adigital
format to the ground station using the Vaisala radio-
sonde transmitter. In the ground station, the data are
processed in real time using STRATO, the NOAA/
CMDL sounding software.
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The measurement uncertainty of this instrument is
largely determined by the ability of the instrument con-
troller to maintain a constant frost layer. Minor factors
are mirror calibration and digitizing errors, among oth-
ers. Theoverall uncertainty istypically better than 0.5°C
in frost-point temperature (V omel et al. 1995). Including
a0.2°C uncertainty in the air temperature measurement,
this translates to an uncertainty in relative humidity
(RH) of 6% of the %RH value in the lower troposphere
to better than 10% of the %RH value near the tropopause
and in the stratosphere. For example, in the tropopause
region the uncertainty at saturation (100% RH) would
be 10% RH, but only 2% RH under dry conditions of
20% RH.

Intercomparisons with other instruments have taken
place, in particular for stratospheric measurements
(Kley et al. 2000), and have shown the reliability of the
NOAA/CMDL frost-point hygrometer. Itiscurrently the
only lightweight balloon instrument that can accurately
measure water vapor from the lower troposphere to the
middle stratosphere and is generally accepted as refer-
ence instrument for this atitude region.

b. The Show White hygrometer

The Snow White instrument is a new chilled-mirror
hygrometer that uses the same physical principle as the
NOAA/CMDL hygrometer. This instrument utilizes a
single-stage thermoelectric Peltier device to cool the
mirror, which under no load can produce a temperature
differential of up to 40 K. Dewpoint or frost-point de-
pressions of this magnitude are theoretically possible,
but in reality will be somewhat smaller, since the Peltier
hot side will be above ambient temperature and since
heat transport across the Peltier cooler reduces the at-
tainable temperature differential. Furthermore, the ef-
ficiency of the Peltier device is highly temperature de-
pendent. A 3 mm X 3 mm copper—constantan ther-
mocouple is directly mounted on the cold side of the
Peltier cooler and acts as mirror and temperature sensor
at the same time.

The uncertainty for the mirror temperature measure-
ment is better than 0.1°C; combined with the 0.2°C un-
certainty in air temperature measurement, thistranslates
to an uncertainty in RH of about 2% of the %RH value.
For example, in the upper troposphere at saturation
(100% RH) the uncertainty would be 2% RH and at dry
conditions of 20% RH the uncertainty would be 0.4%
RH. If we consider the uncertainty due to the controller
stability, this uncertainty may become slightly larger.

The models flown here are the ASW32 introduced in
1997 and the ASW35 introduced in 2000. The later
model includes some improvements over the earlier
model; however, for most of the discussions here, the
model number does not play a significant role. Begin-
ning with the ASW35 model, there are two different
versions of this instrument. In the daytime version, the
sensor and the cooling fins attached to the Peltier hot
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TaBLE 1. Listing of all soundings used in this evaluation.
Year Location Snow White model Soundings
1998/99 Boulder, CO ASW32 (day) 2
1998 San Cristobal, Ecuador ASW32 (day) 2
2000 San Cristobal, Ecuador ASW35 (night) 5
2001 Watukosek, Indonesia ASW35 (night) 4
2002 Mauna Loa Observatory, HI ASW35 (day) 1
2002 San Cristobal, Ecuador ASW35 (day) 2

side are mounted inside the instrument Styrofoam box.
This arrangement protects the detector from stray light
and the cooling fins from solar heating. It also allows
a shielding of the sensor from rain. In the nighttime
version, the sensor is amost completely exposed and
mounted either on top or on the side of the instrument.
The cooling surfaces are exposed as well and painted
black to increase radiative cooling. This arrangement
improves cooling of the Peltier hot side and minimizes
contamination issues caused by outgassing of water va-
por from the instrument box. However, due to the ex-
posure of the sensor, this instrument can only be flown
at night and in nonprecipitating conditions.

All soundings use a Vaisala RS80-H radiosonde and
a Tmax interface board, which allows eight analog chan-
nels to be transmitted in addition to the normal Vaisala
channels. The early ASW32 model was highly suscep-
tible to radio frequency interference (RFI), which could
confuse the controller. Therefore, these soundings had
to be launched with the radio transmitter separated from
the main payload by about 50 cm. This problem was
rectified in the later model; however, as a precaution the
transmitter is still separated from the main payload. In
the ASW35 the sensitivity for condensate detection has
been improved, which should help the frost-point con-
trol in the upper troposphere.

The Snow White instruments flown in 2000 and 2001
monitored the mirror reflectivity as a proxy for the frost
coverage on the mirror, the Peltier current, and the Pel-
tier hot-side temperature, providing additiona infor-
mation about the behavior of the instrument.

3. Observations and discussion

The observations presented here are simultaneous
balloon-borne measurements of water vapor by the
Snow White hygrometer, the NOAA/CMDL frost-point
hygrometer, and the Vaisala Humicap-H sensor, which
allow adirect evaluation of the performance of the Snow
White sensor. The soundings analyzed here arelisted in
Table 1.

The generally good agreement of the Snow White
and the Vaisala Humicap sensor in the tropical lower
and midtroposphere has been shown by Fujiwara et al.
(2003). Therefore, we will focus on the low humidity
l[imit and on the behavior in the upper troposphere and
lower stratosphere.

Soundings using the early ASW32 model had occa-

sionally shown a limited battery life for the 1.5-V bat-
tery running the Peltier cooler. Extended operation at
the surface and in the cold temperatures in the upper
troposphere may limit the capacity of this battery and
influence the observations in the upper troposphere.
This behavior was observed in only one profile using
an early ASW32 model and could be suspected in two
other soundings. In the later ASW35 model a larger D-
cell battery was installed and the battery lifetime was
found to be sufficient even for soundings in excess of
3 h. Thus, with normal operations on the ground before
launch, the battery duration does not pose a limiting
factor in the current Snow White model and is not con-
sidered a problem in the following discussions.

a. Low humidity limit

Figure 1 shows a sounding at San Cristobal, Gala-
pagos Islands, Ecuador, on 29 November 2000, which
is marked by an extremely dry layer between 6 and 10
km. In this region the NOAA/CMDL hygrometer and
the Vaisala Humicap-H show less than 10% RH, with
a minimum of 1.4% at 6 km. The Snow White and
Vaisala Humicap-H agree well below 6 km, but within
the dry layer and above, there is a strong disagreement
between the Snow White and the other two sensors (Fig.
1a). The frost-point depression measured by the NOAA/
CMDL hygrometer at 6 km is 42°C, whereas the Snow
White frost-point depression does not exceed 36°C. The
Snow White mirror reflectivity, which should stay ap-
proximately constant, is elevated, indicating that the
Snow White lost frost coverage on the mirror (Fig. 1b).
Under this condition the measured temperature no lon-
ger corresponds to the frost-point temperature. At the
same time the Peltier current is at its maximum, which
shows that the instrument is responding properly, but
unable to reach the frost-point temperature. Frost-point
temperatures out of reach for the Snow White are ob-
served for 4 min between 6.0 and 7.2 km, during which
the Snow White mirror lost most frost coverage. Be-
tween 7.2 and 9.0 km, the Snow White mirror temper-
ature is below the frost point, but control was not re-
gained. Formation of the frost layer on the mirror is a
function of the available water vapor as well as of the
temperature difference between the mirror and the am-
bient frost point. Apparently, under these dry conditions
the time required to recreate the frost layer to the levels
detected by the Snow White is too long and the addi-
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Fic. 1. (a) Frost-point sounding at San Cristobal, Galapagos Islands, Ecuador, using the NOAA/CMDL
frost-point hygrometer, the Snow White hygrometer, and the Vaisala Humicap. (b) Mirror reflectivity and
Peltier current of the Snow White hygrometer for this sounding.
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Fic. 2. (a) Temperature depression of the Snow White mirror for
the night version (black points) and the day version (gray points).
The fitted lines give a limit for 95% of the data points, where the
sonde had lost frost coverage. (b) The same data expressed in relative
humidity. The fitted lines are the linear fits in (a) also expressed as
relative humidity.

tional cooling below the frost-point temperature is in-
sufficient to fully restore the frost coverage on the mir-
ror. Between 10 km and the tropopause, the mirror tem-
perature remains well below the ambient frost point, but
the frost coverage is insufficient for proper control of
the frost-point temperature. This condition was ob-
served in all of the five soundings launched in Novem-
ber/December 2000 at San Cristbbal, and a complete
loss of control, as shown in Fig. 1, was observed in
three of five soundings. The same behavior was seen in
shallow layers in soundings launched at Boulder and at
Mauna Loa Observatory, Hawaii.

These soundings establish a lower bound for the hu-
midity that can be detected with the Snow White sensor
under realistic atmospheric sounding conditions. Figure
2ashows the difference between mirror temperature and
ambient temperature for these soundings. Black points
correspond to night version data, and gray points cor-
respond to day version data. The largest values corre-
spond to mirror temperature depressions, when the mir-
ror had fully or partially lost the frost coverage, and
represent the maximum frost-point depressions that the
instrument can detect. The fit for the night version,
which covers 95% of all mirror temperatures under this
condition, is 36.5 K at 0°C, 27.5 K at —30°C, and 12.6
K at —80°C. Over most of the temperature range this
translates to a lower limit for the detectable relative
humidity of about 3%, increasing at the low temperature
level to 5% at —80°C (Fig. 2b). The limit for the day
version is slightly worse with a lower limit for the rel-
ative humidity of around 6%, increasing to more than
9% at —80°C.
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Fic. 3. Frost-point difference between the Snow White and the
NOAA/CMDL hygrometer for eight soundings at various locations.

Generally there is good agreement in the troposphere and no agree-
ment in the stratosphere.

It should be pointed out that the temperature depres-
sion reached by the Snow White is not identical to the
temperature gradient across the Peltier cooler. The tem-
perature depression that can be attained below ambient
temperature depends on the cooling of the hot side of
the Peltier cooler, which in the troposphere is always
above ambient temperature. Convective cooling of the
Peltier hot side with attached cooling fins is most ef-
ficient in the lower troposphere but decreases in the
upper troposphere. Solar heating further reduces the
cooling efficiency, explaining the slightly higher limit
for the day version.

b. Stratospheric behavior

Figure 3 shows the difference between the frost-point
temperature measured by the Snow White and by the
NOAA/CMDL frost-point hygrometer for the soundings
at Boulder, San Cristobal, and Mauna Loa Observatory,
which are not affected by the low humidity limit. While
there is areasonable agreement between the two sensors
throughout most of the troposphere, in the stratosphere
all soundings show a strong increase in the frost-point
temperature measured by the Snow White. The most
important reason is the limited cooling capacity of the
Peltier cooler, since the frost-point depression rapidly
increases in the stratosphere. Over Boulder about 50%
of al soundings using the NOAA/CMDL frost-point
hygrometer since 1981 show frost-point temperatures
unattainable by the Snow White Peltier cooler (using
the tropospheric limits established above) at an altitude
of 500 m above the local tropopause. In tropical regions
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the same level of frost-point depression is reached at
about 2 km above the local tropopause. However, the
available data show that thisis an upper limit and that
for observations close to a cold tropopause smaller at-
tainable frost-point depressions can be expected.

Outgassing of water vapor from the instrument pack-
age and the balloon is known to be a serious issue since
the early days of balloon-borne stratospheric water va-
por measurements (Mastenbrook 1966). In the day ver-
sion of the Snow White the sensor is inside the Sty-
rofoam box, which has a significant potential to con-
taminate measurements in the stratosphere. In the night
version, where mirror and optics are housed inside a
small aluminum enclosure above the main package, con-
tamination is expected to be less. It has not been de-
termined where the influence of contamination becomes
relevant, but previous soundings with the NOAA/
CMDL frost-point hygrometer have shown that contam-
ination can influence stratospheric measurements be-
ginning at the tropopause. With the limitations of the
Peltier cooler and the materials of the instrument pack-
age, stratospheric measurements using the Snow White
need to be considered inaccurate.

c. Upper-tropospheric behavior

The behavior in the tropopause region below the tro-
popause is more complicated, and the soundings ob-
tained so far do not allow for a clear characterization.
Figure 4 shows four profiles with good agreement be-
tween the Snow White and the NOAA/CMDL hygrom-
eter up to the tropopause. Figure 4d shows a sounding
that encountered adry layer up to 7.5 km, but the Snow
White was able to recover at 9 km and to provide ac-
ceptable data in the upper troposphere. A sounding 2
days later (not shown) encountered dry layers in the
same altitude region, but the Snow White did not re-
cover fully and provided only poor data in the upper
troposphere. All soundingsin Fig. 4 show good data up
to the tropopause, but not much above.

Figure 5 shows four soundings, where the upper-
tropospheric Snow White measurements do not agree
with the NOAA/CMDL data. In these soundings, the
Snow White relative humidity disagrees with the
NOAA/CMDL hygrometer in some region below the
tropopause using the uncertainties defined above and
shown in Fig. 5a. The sounding at Boulder on 15 Feb-
ruary 1999 (Fig. 5a) used a day version and encoun-
tered a shallow layer of low humidity at 7.5 km. Be-
tween this layer and the tropopause at 10.8 km the
Snow White shows significantly lower values. A
sounding at San Cristbbal on 6 September 1998 (Fig.
5b) also encountered a shallow layer of low humidity
at 7.4 km; however, above this altitude the Snow White
RH is significantly above the NOAA/CMDL RH, and
between 14 km and the tropopause at 16.4 km signif-
icantly above ice saturation. In both cases a loss of
frost coverage could be the cause for the misbehavior;
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FiG. 4. Four soundings showing good agreement between the Snow White and the NOAA/CMDL
hygrometer in the upper troposphere. The error bars shown in (a) apply at 10%, 40%, and 80% RH.

however, the behavior in Fig. 5b is not fully explained
by aloss of frost coverage.

In Figs. 5¢ and 5d, the Snow White measurements
are outside the uncertainty range of the NOAA/CMDL
RH values above around 15 km, with a tropopause near
16.5 km. In both soundings, structures in the NOAA/
CMDL RH profile are reproduced by the Snow White
up to 1 km above the tropopause, although with large
and varying offsets. The Snow White values are too
high in Fig. 5¢ and too low in Fig. 5d. While the dis-
agreement in Fig. 5¢c may be explained by insufficient

cooling capacity of the Peltier cooler, the cooling ca-
pacity in the sounding in Fig. 5d is clearly sufficient.
This sounding shows an overshoot of the Snow White
frost-coverage controller during the RH change at
around 15.2 km. The disagreements in these two
soundings could therefore be explained as well by
problems in the control circuit at very cold frost-point
temperatures below —75°C. Since these soundings did
not have the additional monitors, we do not have in-
formation about the frost coverage during these sound-
ings.
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d. Relevance of the dry humidity limit

Very shallow layers may only cause a short distur-
bance in the profile, if the frost coverage on the mirror
is immediately regained. In these cases the humidity
only within the dry layer will not be measured accu-
rately. In more extensive dry layers, or in dry layers at
higher altitudes, the loss of frost coverage may cause
erroneous measurements after the encounter and exit of
the dry layer. In these cases a certain amount of time
is required to rebuild the frost coverage, which may
influence parts (see, e.g., Fig. 4d, between 7.5 and 9.5
km) or all of the profile (see Fig. 1) above the dry layer.

Whether the dry humidity limit is relevant for routine
observations, which typically do not include areference
instrument, depends on the frequency with which dry
layers that cannot be properly measured by the Snow
White are encountered. The frequency of these events
depends on the geographical region and is evaluated
using routine radio soundings with the Vaisala Humi-
cap-H sensor. Here, soundings that encounter dry layers
with a relative humidity below 5% of at least 500-m
thickness at any altitude below 10 km are considered
as problematic soundings for the Snow White.

At Boulder about 10% of all radiosoundings exhibit



NovEMBER 2003

layers of less than 5% RH, with a seasonal maximum
in October, when about 20% of soundings may show
these dry layers. At Hawaii, dry layers are encountered
in 60% of all soundings, with no seasonal dependence.
At San Cristobal, dry layers are observed in 45% of all
soundings and in 65% of the soundings during October—
November—December. At Watukosek, Indonesia, dry
layers are observed in 25% of all soundings and in 50%
during June-July—August.

4. Conclusions

While the generally good performance of the new
Snow White chilled-mirror hygrometer in the tropo-
sphere has been demonstrated by Fujiwaraet al. (2003),
some important limitations remain. The most important
limitation is the cooling efficiency of the Peltier cooler.
While this device is capable of achieving large tem-
perature differences, the temperature depression below
ambient temperature depends on the cooling of the hot
side and thermal losses in the sensor head. The limited
cooling power of the Peltier element is sufficient for a
large number of observations, but where measurements
past this limit are important, it may only be overcome
with a stronger cooling device, a cryogenic system such
as that used in the NOAA/CMDL hygrometer, or a hy-
brid between Peltier and cryogenic cooling. The clear
advantage would be an important expansion of the mea-
surement range, with the disadvantage of a more com-
plicated system. This development is currently under-
taken at Meteolabor AG.

Other improvements may focus on the sensitivity of
frost-layer detection. This issue becomes extremely im-
portant in the uppermost troposphere under very cold
conditions, when the water vapor concentration be-
comes very small. Improvements of the sensor may ex-
tend the measurement range consistently up to the trop-
ical tropopause.

Routine soundings with the current system may not
always have a reference instrument, which would allow
the identification of dry layers, where the Snow White
might loose control. Thus, monitoring the mirror re-
flectivity and the Peltier current is recommended for
routine observations. These instrument signals provide
astrong indication of the proper functioning of the Snow
White.

The night version of the Snow White is preferred for
observations where the best altitude range is expected.
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However, stratospheric measurements cannot be con-
sidered accurate for Snow White models ASW35 or
earlier.
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