Atmos. Meas. Tech., 6, 2352372 2013 Atmospheric 9
www.atmos-meas-tech.net/6/2359/2013/ g
doi:10.5194/amt-6-2359-2013 Measurement >
© Author(s) 2013. CC Attribution 3.0 License. Techniq ues @

The Atmospheric radiation measurement (ARM) program network
of microwave radiometers: instrumentation, data, and retrievals

M. P. Cadeddu!, J. C. Liliegren?, and D. D. Turner?

1Argonne National Laboratory, Argonne, IL 60439, USA
2NOAA/National Severe Storms Laboratory, Norman, OK 73072, USA

Correspondence tavl. P. Cadeddu (mcadeddu@anl.gov)

Received: 28 February 2013 — Published in Atmos. Meas. Tech. Discuss.: 15 April 2013
Revised: 24 July 2013 — Accepted: 30 July 2013 — Published: 12 September 2013

Abstract. The Climate Research Facility of the US De- atthe Atmospheric Radiation Measurement (ARM) Program
partment of Energy’s Atmospheric Radiation Measurementfixed sites: Southern Great Plains (SGP, Oklahoma, USA),
(ARM) Program operates a network of ground-based mi-North Slope of Alaska (NSA, Alaska, USA), and the Tropi-
crowave radiometers. Data and retrievals from these instrueal Western Pacific (TWP, Darwin, Manus Island, Nauru). In
ments have been available to the scientific community for al-addition, ARM MWRs provided year-long time series dur-
most 20 yr. In the past five years the network has expanded ting the Surface Heat Budget of the Arctic (SHEBA) cam-
include a total of 22 microwave radiometers deployed in var-paign (Liliegren, 2000a), and during various ARM mobile
ious locations around the world. The new instruments coveifacility deployments. These data are critically important be-
a frequency range between 22 and 197 GHz and are consigause of the key role that water vapor and liquid water path
tently and automatically calibrated. The latest addition to theplay in the earth’s radiative budget (Turner et al., 2007a),
network is a new generation of three-channel radiometersin cloud-aerosol interaction (McComiskey et al., 2009) and
currently in the early stage of deployment at all ARM sites. in the climate system in general. Since their deployment,
The network has been specifically designed to achieve indata from the MWRs have served as the reference for sev-
creased accuracy in the retrieval of precipitable water vapoeral ARM-sponsored water vapor studies (Revercomb et al.,
(PWV) and cloud liquid water path (LWP) with the long-term 2003; Mattioli et al., 2007), for comparisons of various wa-
goal of providing the scientific community with reliable, cal- ter vapor measurement techniques involving sun photome-
ibrated radiometric data and retrievals of important geophys+ters (Michalsky et al., 1995; Schmid et al., 2001) and the
ical quantities with well-characterized uncertainties. The ra-Global Positioning System (Keihm et al., 2002; Braun et al.,
diometers provide high-quality, continuous datasets that car2003; Liou et al., 2001), as well as liquid water measurement
be utilized in a wealth of applications and scientific studies.techniques (Greenwald et al., 1999). Data from the MWRs
This paper presents an overview of the microwave instru-have been widely used by the scientific community to im-
mentation, calibration procedures, data, and retrievals thaprove gas spectroscopy in the microwave region (Liljegren
are available for download from the ARM data archive. et al., 2005; Payne et al., 2008; Marchand et al., 2003), to
develop new retrievals of precipitable water vapor and liquid
water path (Turner at al., 2007b; Turner, 2007), and for cli-
mate studies (Del Genio and Wolf, 2000; Doran et al., 2002).
1 Overview of the microwave radiometers network The MWRs also serve as the water vapor calibration refer-
ence for ARM-launched radiosondes (Turner et al., 2003;
For nearly two decades the ARM Climate Research Facil-cagy-Pereira, 2008) and the operational Raman lidars at the
ity has been operating a network of 2-channel (23.8 andsgp and TWP sites (Turner and Goldsmith, 1999). Consis-
31.4 GHz) ground-based MicroWave Radiometers (MWR).tencies in the instruments’ calibration (Liljegren, 2000b) and

The radiometers have provided decadal time series of precipp the data quality control (Peppler et al., 2008) have been
itable water vapor (PWV) and cloud liquid water path (LWP)
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key elements to ensure the repeatability and continuity of the
measurements and therefore the scientific relevance of the
retrievals. 10F
Although data obtained with the 2-channel MWRs span
a wide dynamic range of PWV and LWP with good sen-
sitivity, spatial, and temporal resolution, their widespread
use has revealed the need for improved measurements c
PWV in very dry locations such as the Arctic (Westwater,
2001) and for improved measurements of LWP when thin ~ ©1¢
liquid water clouds are present (Turner et al., 2007a). Ac- :
cordingly, in recent years the ARM Program has added two
Microwave Radiometer High Frequency (MWRHF) units 001 :
operating at 90 and 150 GHz, two G-band Vapor Radiome- "50 40 B0 80 100 720 140 160 180 200
ters (GVR and GVRP) operating in a frequency range be- Frequency (GHz)
tWe_en 170 and 197'3GH_Z’ and more_recently the 3-Channql_-ig_ 1. The electromagnetic spectrum covered by the ARM mi-
radiometers (MWR3C) with frequencies at 23.834, 30, andcrowave radiometers for an atmosphere with PWV of 2mm and
89 GHz. The choice of frequencies and design of the new ratiquid water path of 100gm?. Vertical lines indicate the fre-
diometers has been driven by the scientific need to improvejuency location of the instruments MWR and MWRP (light blue),
the accuracy in the retrieval of low amounts of integrated MWRHF (yellow), GVR and GVRP (purple).
water vapor and cloud liquid water (Crewell andHnert,
2003; Racette et al., 2005; Cimini et al., 2007). The ARM in-
frastructure has also added two microwave temperature antly in the calibration and provides reprocessing of the data
humidity profilers (MWRP) with multiple frequencies be- as needed. Monthly reports on the instrument’s status are
tween 22 and 60 GHz. Frequencies between 22 and 52 GHalso available from the instrument’s web pages. Redundancy
are mostly Sensitive to atmospheric water in Vapor and ||q_0f instrumentation in several locations ensures meaningful
uid phase, frequencies between 51 and 60 GHz are sensitié®mparison between independent measurements, therefore
to atmospheric temperature due to the absorption of atmooffering additional insurance on the quality of long-term in-
spheric oxygen. strument performance. It also provides continuity in the re-

A view of the microwave spectrum covered by the ARM trievals in case one instrument malfunctions. In the following
radiometers is shown in Fig. 1. It is evident that the chan-Sections, we provide an overview of the network, the calibra-
nels near 183.3 GHz are 10—100 times more sensitive to walion algorithms, data and retrievals currently available and
ter vapor than the 23.8 GHz channel of the MWR. Similarly, under development.
frequencies near 90 and 150 GHz are 3-5 times more sensi-
tive to liquid water than the 31.4 GHz channel of the MWR
(Lohnert and Crewell, 2003).

All ARM microwave radiometers are co-located with sev- 14 ensure high accuracy of the retrievals, the calibration of
eral active and passive sensors such as lidars, radars, and igach of the radiometers is closely monitored. Records of au-
frared interferometers. An array of surface meteorologicaliomated and manual calibrations are kept in a calibration
sensors provides continuous measurements of surface tefgutabase and most calibration records are also recorded in
perature, pressure, and humidity. In addition, radiosondes arge gata files. In addition, raw data files containing detector
regularly launched multiple times a day at each site. A sum+o|tages and diagnostic data are stored in the data archive and
mary of the radiometric network with the locations and avail- are available upon request and for recalibration purposes. To
able retrievals is shown in Table 1. Some of the radiome-g|iminate the introduction of operator's judgment from the
ters can be relocated for short-term campaigns upon requestajipration process, all radiometers that employ tip curves
For example the GVRP was recently deployed in a researclyith the exception of the MWRP) use a self-calibration ap-
vessel in the South East Pacific during the VAMOS Ocean-proach where acquired tip curves are continuously monitored
Cloud-Atmosphere-Land Study (VOCALS) (Zuidema et al., and incorporated in the calibration algorithm with an auto-
2011) and was then deployed to Chile for the Radiativemated process (Liljiegren, 2000b). The algorithms are specif-
Heating in Underexplored Band Campaign Il (Turner andicaly written for the ARM radiometers and are documented
Miawer, 2010). Three MWRs were recently employed in ap the instruments’ handbooks. With the automated algorithm
cloud-tomography experiment at the Southern Great Plaing| radiometers are calibrated in a consistent (if not identical)

site in Oklahoma (Huang et al., 2010). fashion despite differences in manufacturers and designs.
Data from all radiometers are daily reviewed by a Data

Quality office (Peppler et al., 2008) that provides a first layer
of data review. Additional data analysis ensures continu-

Opacity (np)

2 Radiometers and their calibration
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Table 1.Location, frequency range, date range of the ARM microwave radiometers and currently available retrievals.

MWR MWRP GVR GVRP MWRHF MWR3C
Sites All NSA, AMF NSA NSA SGP, AMF All
Center Frequencies  23.8,31.4 22-60 183133,7,14 170-183.3 90, 150 23.8, 30, 90
(GHz)
Number of channels 2 12 4 15 2 3
Retrievals PWV, LWP PWV, LWP, T/H Profiles PWV PWV PWV, LWP PWV, LWP
Algorithms Statistical MWRRET  Statistical NN NN MWRRET NN MWRRET
Date Range 1993—present 2004—present 2006—present 2008—present  2008—present 2011-present

21 TheMWRandMWRP LI O s Y Y e B B I B

The MWR, manufactured by Radiometrics Corp., is a two-
channel microwave radiometer (WVR-1100 series) that op- € .
erates at 23.8 and 31.4 GHz. The radiometer receiver is com-5 198—‘ T T Y VO T
posed of a Gaussian optical antenna, a noise diode injectior 7 14 21 28
device, and two Gunn diode oscillators used for frequency Days in Jandary: 2010
selection. Each ARM fixed site and each mobile facility is . il ct zomf .
equipped with one MWR (a total of 7 units). The instru- 2041 : 4
ment’s field-of-view varies between 5 and 6 degrees depend-__ . ]
ing on the frequency. S 202r _ &
The MWRs rely entirely on tip curves for calibration. Tip ' m’_ ottt _
curves are processed with a self-calibration algorithm thats ~ | fkashadiibitite, . o _
continuously monitors the gain and the receiver temperatureg 198
as described in Liljegren (2000b). The algorithm applies real
time corrections to account for the temperature dependence WE : | , | : | : l
of the calibration and maintains a record of the most recent 270 280 =00 10
tip curves, but does not update the calibration every time a
new tip curve is collected. Instead a dataset of recent successig. 2. Self-calibration of the ARM MWRs. Top: brown points are
ful tip curves are statistically analyzed and a median valuéinstantaneous noise injection temperature values derived from tip
is used to calibrate the brightness temperatures. This procesalibration. The black solid line is the median calculated value and
dure avoids jumps in the brightness temperatures when thihe dashed lines are 2 standard deviations of the measurements. Bot-
calibration is updated. The benefits of not updating the in-tom: dependence of the noise diode temperature on ambient temper-
stantaneous tip curves are particularly evident in the high_ature. The data were collected at the SGP site during the month of
frequency radiometers (Sect. 4). Figure 2 (top) shows onganuary 2012.
month of estimated instantaneous noise diode temperatures
at the SGP. Figure 2 (bottom) shows the residual temperature
dependence of the noise diode temperature (this dependencéoud liquid water and the remaining seven (50-60 GHz)
is estimated and accounted for in the calibration algorithm).cover a frequency range that is mostly sensitive to atmo-
During times when tip curves are not collected (mostly dur- spheric temperature. The frequency tuning is achieved with
ing prolonged times of cloudy conditions), the receiver gaina frequency synthesizer that cycles through the selected fre-
is monitored through frequent viewing of the internal black quencies serially. Frequencies between 22 and 30 GHz are
body target. Noise diodes used in the radiometers are usuallgalibrated with tip curves that are monitored monthly and
very stable and will work for months without drift. Therefore updated if necessary. Frequencies between 50 and 60 GHz
during times of reduced tip curves it is sufficient to calibrate are calibrated with liquid nitrogen every 3—4 months. Liquid
the drift in the gain. If drifts in the noise diode occur data are nitrogen (LN>) calibration is a challenging aspect of the ra-
recalibrated or flagged in Data Quality Reports (DQRSs). Thediometers operations and the accuracy achieved by it is af-
Root-Mean-Square (RMS) error of the calibrated brightnessfected by several factors such as environment conditions and
temperatures have been estimated to-@3 K (Liljegren, length of calibration (Solheim, 1993). L\talibration is less
2000b). accurate where the channels are more transparent with un-
The Microwave Radiometer Profiler (MWRP) manufac- certainty in the brightness temperature of approximately 1—
tured by Radiometrics Corp. has 12 calibrated channels of K. In addition, the LN calibration must be carried out with
which five (22—-30GHz) are sensitive to water vapor andcare by experienced personnel to avoid errors or injury. Two

290
Black body temperature (K)
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MWRPs are part of the network: one is located at the NSAuncertainty for this instrument is estimated tob&.5K. A
site, and the other is part of the first ARM mobile facility comparison of measurements from the GVR and the GVRP

(AMF1). was recently part of a broader study at the NSA and showed
an overall good consistency between the radiometric mea-
2.2 GVRand GVRP surements (Cimini et al., 2009).

In order to meet the demands of the scientific community2.3 MWRHF and MWR3C
for increased water vapor accuracy in dry locations, the
ARM Program recently deployed two new radiometers thatBecause of the large impact that optically thin clouds have
make measurements on the stronger 183.3 GHz water vapan the earth radiative balance, the ARM Program recognized
line instead of the traditional 22.2 GHz vapor line (used by the need to provide improved retrievals of cloud-integrated
the MWRs). These G-Band Vapor Radiometers (GVR andliquid water by deploying microwave radiometers with chan-
GVRP) are now operational at the NSA site. They are specifnels in the 90 and 150 GHz spectral region. These frequen-
ically designed to improve the retrievals of low amounts of cies have enhanced sensitivity to the presence of optically
water vapor (less thar 5 mm) and are therefore particularly thin clouds and they have the potential capability to reduce
useful in very dry conditions such as those encountered durthe root-mean-square (RMS) error of the retrievaighthert
ing the Arctic winter. As shown in Section 1, the sensitivity and Crewell, 2003).
to water vapor in the spectral region covered by these ra- The Microwave Radiometer High frequency (MWRHF)
diometers (170-197.3 GHz) is much higher than that in the(Rose et al., 2005) is built by Radiometer-Physics, GmbH,
20-30 GHz region used by the MWR. and has two channels centered at 90 and 150 GHz. The ra-
The GVR, built by Prosensing Inc. (Pazmany, 2007; diometer has two receiver units. A paraboloid mirror is used
Cadeddu et al., 2007), is a filter-bank radiometer. Detailsto focus microwave radiation that is first decomposed in two
of the radiometer design can be found in Pazmany (2007)beams and then directed into a feed horn. The receivers are
The brightness temperatures are measured at four doubldsased on the direct detection technique, where the signal
sideband channels centereddat, +3, +7, and+14GHz s directly amplified, filtered and detected. The radiometers
around the 183.31 GHz water-vapor line. The GVR is cali- calibrate with tip curves. Cryogenic calibration is only per-
brated using a warm{293 K) and a hot{ 333 K) FIRAM- formed at the beginning of a deployment or when the instru-
160 absorber (manufactured by the Submillimeter-Wavement is powered off for extended periods of time primarily
Technology Laboratory of the University of Massachussettsto determine the nonlinearity of the receiver’s response. Raw
— Lowell). The absorber brightness temperatures are taken tdata from this instrument are collected and calibrated with
be equal to their physical temperature. The hot absorber i methodology similar to that used for the MWRs and de-
enclosed in a convection-heated box. Two temperature serscribed in detail in the instrument handbook (Cadeddu, 2011)
sors whose accuracy is 0.1 K (Pazmany, 2007) are located iavailable at the instrument’s websitettp://www.arm.gov/
the absorber. One sensor is near the edge and the second n@astruments/mwrhf A schematic view of the calibration al-
the middle. Their average is used in the calibration equatiorgorithm for this instrument is shown in (Cadeddu, 2011) and
as the hot load equivalent brightness temperature. This tenene month of calibration data from the 150 GHz channel at
perature uncertainty is the largest source of error in the calithe SGP is shown in Fig. 3. If we compare Fig. 3 with Fig. 2,
bration. Itis accounted for in the quoted uncertainty, howeverwe notice that the high-frequency channels have a much
it may be easily under estimated. Calibration is updated everyower success rate in calibrating than the lower-frequency
10 s which is the time necessary for the metal mirror of thechannels, and that the standard deviation of the successful tip
radiometer to complete a cycle between the warm load, hoturves is also higher. This is a consequence of the enhanced
load and the sky. Calibration accuracy for the GVR is esti-sensitivity of the high frequency channels to small perturba-
mated to be about 1-2 K (Cadeddu, 2007) with higher uncertions in the water vapor field. In the example of Fig. 3, the
tainty affecting the more transparent channels (18%31  resulting 1-sigma standard deviation of the calibrated bright-
and+14 GHz). ness temperature is 1.5 K. Tip curves are collected hourly,
The G-Band Vapor Radiometer Profiler (GVRP) has 15 processed and stored. A rolling window of adjustable size is
calibrated frequencies between 170 and 183.3 GHz. The raapplied to the latest collected tip-curve data points and the re-
diometer, manufactured by Radiometrics Corp., is periodi-sulting median value is then used in the calibration algorithm.
cally calibrated with LN. The radiometer is equipped with a Gain calibrations are conducted every few minutes by point-
noise diode that is used as a secondary calibration referendag the mirror towards an internal black body target. Calibra-
and for gain calibration. During the winter season, when thetion uncertainty for the MWRHF is estimated to bel.5K
atmosphere at the site is sufficiently dry to allow tip scan-for the 90 GHz channel and 2 K for the 150 GHz channel.
ning of the radiometer, the calibration of the channels be- The ARM program operates two MWRHFs: one at the
tween 170 and 174 GHz is periodically double checked bySGP site and one located with the first mobile facility
processing data collected at 5 scanning angles. CalibratioAMF1. A comparison of measurements from 2 MWRHF
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Fig. 3. Self-calibration of the ARM MWRHFs. Brown points are
the instantaneous noise injection temperature values derived fro
tip curves. The black solid line is the median calculated value and
the dashed lines are 2 standard deviations of the measurements. T
data were collected at the SGP site during the month of November,
2011.

radiometers during a recent deployment of the AMF1 in the
Black Forest in Germany showed that the brightness tem-
peratures of the two systems were in agreement within the
calibration uncertainty (Turner at al., 2009).

is currently being deployed to replace the aging MWRs. &
The new radiometers (MWR3C) operate at three frequen-#=+
cies 23.834, 30, and 89 GHz. The instruments, manufactured
by Radiometrics Corp., have been designed to ensure high

temperature stability, self-calibration, narrower field-of-view Fig. 4. The new ARM 3-channel microwave radiometer (MWR3C)
(~ 3 degree for all channels), and improved operations unWith a view of the rain mitigation system.

der drizzle condition. The design of the new radiometers bal-

ances the need for continuity of operations with the desire

to improve the retrievals. For this reason the new instrumenthe SGP site during the month of August 2012. The figure
retained the 2 low-frequency channels as close as possiblehows a good consistency in the measurements from the two
to the old MWR (the frequency differences are due to hard-instruments. The bottom panel of Fig. 6 shows a compari-
ware restrictions on the waveguide) at the same time introson between measurements and model computations at 89
ducing a narrower field-of-view that is closer to the 90 GHz (MWR3C) and 90 (MWRHF) GHz. Input for the model com-
channel and to other instruments such as the infrared interputations is provided by radiosondes soundings (4/day at the
ferometer. They are equipped with an internal reference loadsGP). In this and following figures, the radiometer data were
that can be frequently switched on and off and whose physaveraged during the first 5 min of radiosonde ascent.

ical temperature is measured with a precision temperature The rain mitigation system is designed to keep the two
sensor. The gain is calibrated by the periodic injection oflenses dry in situations of high humidity, dew formation or

a calibrated noise generated by a noise diode. The new rdight rain. For this purpose a stream of warm air is blown
diometers have been so far deployed at five ARM sites (SGPRacross the lenses when the relative humidity exceeds a user
TWP-Darwin, TWP-Manus, AMF1, AMF2) and they are in adjustable threshold. Air is blown at high speed during rain
the process of being deployed at all sites. During normal op-events to keep the lenses clear of standing water. The rain
erations the radiometers point to the zenith direction (1 ob-detection and mitigation system of the MWR3C shows im-
servation every~ 10s). Zenith observations are interrupted proved capability in quickly drying the lenses after a rain
approximately every 15 min to collect tip curves. The cali- event as shown in Fig. 7. The three panels show brightness
bration algorithm for the MWR3C is designed to ensure self-temperatures (30 GHz) during three rain events in Gan, Mal-
calibration and similarity of operations with the two-channel dives, in December 2011. Grey crosses indicate the times
MWRs. An example of instantaneous noise diode temperawhen the MWR rain flag was on (100) and off (0). Dur-
tures with the calculated median value used in the calibratioring these times the heater in the MWR blower was blow-
algorithm is shown in Fig. 5. The MWR3C can complete ing warm air on the radiometer’s Teflon window. The two
relatively fast azimuth rotations and can therefore be usedlack lines with arrows mark when the rain ends (according
to improve tomography studies of water vapor or cloud lig- to the MWR3C sensor). In general the MWR rain flag stays
uid water (Huang et al., 2010). Figure 6 (top) shows a com-on after the MWR3C rain rate goes to zero. This is probably
parison of data collected by the MWR3C and the MWR at due to the fact that the MWR3C sensor is sensitive to falling
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Fig. 5. Self-calibration of the ARM MWR3Cs. Brown points are £ sl . |
. . o . . . =
the instantaneous noise injection temperature values derived fromr g . .
tip curves. The black solid line is the median calculated value and & 1 7
the dashed lines are 2 standard deviations of the measurements. Tt % 2 > *
data collected at the TWP-Darwin site in January 2012. é
. . . | | |
drops while the MWR detects moisture on the sensor itself. %o 20 30 a0 50

Modeled brightness temperatures (K)

Therefore, the MWR rain flag will stay on until the sensoris
‘ ——— ;

dry, although it may not be raining. We looked at the mean
and standard deviation of 1 h of data immediately before the _

|« MWRHF, Int: 1.08, Slp: 0.97, Corr: 0.98, RMSE= 2.20
702 MWRS3C, Int: 2.26, Slp: 0.96, Corr: 0.99, RMSE = 1.8 -

rain event. The brightness temperatures are considered bacfg o

to normal when they are within 1 standard deviation of the § | ol |
computed mean (before the rain). In general the MWR3C &% o o ndk 7
brightness temperatures drop back to normal levels after ap-‘; I g ¥ |
proximately 3—9 min from the end of the rain, suggesting that :;% e 3 2% . : I

19
o

this is the time necessary to completely free the lens of stand--
ing water. On the other hand, the MWR measurements show
a slow exponential decay that can last from 10 min to a few
hours. The slower action of the MWR blower is due to the
radiometer mailbox design, where the warm air sweeps a | ]
larger curved surface, as compared to the MWR3C design 202 o  TEE— g
where the blower outlet is mounted tightly around the round, Modsled brightness temperature (K)

flat lens. Figure 8 shows scatter plots of brightness temper-_

: ) ) : Fig. 6. Top: brightness temperatures measured and modeled at
atures at the combined AMF2-Gan, TWP-Darwin, and SGP, "5, - 56 51 (MwR3Cy = 81) and at 23.8 and 31 GHz
sites at various times after a rain event. In the first 30 min

i . MWR, N = 84). Bottom: measured and modeled brightness tem-
MWR brightness temperature_s are _generally much hlghe eratures at 90 GHz (MWRHE = 73) and at 89 GHz (MWR3C,
than MWR3C's temperatures indicating rain contamination. ; _ g2) pata were collected at the SGP site during August and

We estimated the mean and standard deviation of the brightectoper 2012.
ness temperatures in Fig. 8f (where the rain contamination
is negligible) and used them as a threshold to discriminate

rain contamination in the remaining cases. Based on this criwater vapor continuum is an updated version of the Clough-

terion approximately 80 % of the MWR brightness temper- Kneyzes-Davies 2.4 continuum (Clough et al., 1989; Mlawer

atures normalize after the first hour (i.e. they are within 2et al., 2012). In the updated continuum the foreign- and self-

standard deviation of the uncontaminated mean). In a smalhroadened components were scaled to improve the agree-

percentage of cases (about 10 %) the rain effect on MWRment with the high-frequency measurements (Turner et al.,

brightness temperatures lasts more than 2 h, generally in higho09:; Payne et al., 2011). The impact of the updated con-

humidity conditions. tinuum on the low frequency channels is negligible, how-
ever the impact of the modifications at higher frequencies
(i.e. > 90 GHz) is larger. In this section we give an overview

3 Retrievals of the retrieval products, methodologies and expected uncer-
tainties.

Continuous retrievals of integrated water vapor and liquid

water path at all sites are freely available from the ARM 3.1 Integrated water vapor and integrated cloud liquid

data archive (www.archive.arm.gov). Retrievals of vertical water

profiles of temperature and humidity are available at the sites

where profiling radiometers are located. All retrievals use theThe primary data products derived from the ARM radiome-

22 GHz line width suggested in Liljegren at al. (2005) and theters are PWV and LWP; these geophysical variables are

183 GHz line width suggested by Payne et al. (2008). Theamong the most requested variables from the ARM data

Measured br
[=]

30— —
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Fig. 7. Three rain events in Gan, Maldives and the effect of the Fig. 8. Brightness temperatures collected at six time intervals from
response of the rain mitigation system on the MWR (violet line, € end of rain events. Data are collected at the SGP, GAN, and
31.4 GHz) and the MWR3C (black line, 30 GHz). Red crosses arel WP sites during the months of November and December 2011.
the rain rate (mmh?l) measured by the MWR3C weather station;

brown points represent the times when the MWR rain flag was on. ) ) ) -
The black solid lines indicate the time between the end of the rainmediate estimate of the atmospheric conditions. They also

(zero rain rate according to the MWR3C) and the return of bright- provide a useful real-time check on the instrument status.
ness temperatures to approximate pre-rain values. Physical retrievals are available as Value Added Product in
addition to the real-time retrievals. Due to the fact that they
use data from multiple instruments the physical retrievals are

archive. The improvement of these retrievals has been a mag\r/gfl%tgsc?if;?igﬁ gég&yfn?;eg;gﬁ)gfgg ilss Fc)::noli/eigtee dd' Below a

jor focus of the program driving the expansion of the network
with the development and deployment of new microwave3_2 Real-time statistical retrievals
radiometers at all sites and especially in regions where the
MWRs alone do not have enough sensitivity. New retrievalSyjonthly finear regression coefficients for the 2-channel
utilize channels at 23.834, 30 and 89 GHz (MWR3C and\wRs are derived by computing a simulated dataset of
MWRHF). In Alaska, they utilize additional channels in the pightness temperatures, PWV, and LWP from a statistical
170-183 GHz frequency range (GVR, GVRP). _ensemble of radiosondes soundings and using a linear re-
There are two general retrieval methods used to retrievgyression algorithm to relate the simulated opacities to wa-
water vapor and liquid water from the observed bright- er vapor and cloud liquid water. The retrievals require the
ness temperatures: statistical methods (e.g. linear regregopmputation of seasonal mean radiating temperature at each
sions, neural networks) and physical retrievals. The formersjte ‘Resulting retrieval coefficients and mean radiating tem-
use a radiative transfer model to derive a set of retrieval COperature are then applied to the real data. Retrieval uncer-
efficients, typically from a climatological dataset of thermo- {5inty is estimated to be 0.5 mm for the PWV and approxi-
dynamic profiles from near the deployment site, whereas thenately 30 g mr2 for the LWP (Liljegren et al., 2001). Real-
latter use the radiative transfer model in an iterative fashionjme neural-network (NN) retrievals (Cadeddu et al., 2009)
to modify an assumed PWV and LWP until the computed gre als0 available from the MWR3C, GVR, and GVRP. The
brightness temperatures match the observations within th@eyral network is trained with modeled brightness temper-
observational uncertainty. The computational expense of thgyres obtained from a statistical ensemble of radiosondes.
physical retrieval is several orders of magnitude larger thanncertainties at each retrieval point are computed by adding
the statistical retrieval, but if the physical retrieval convergesconributions from the training ensemble and instrumental
then the results will at least be consistent with the observaygise. With the introduction of higher frequencies the PWV
tions and uncertainties associated with that particular obsergncertainty is reduced from 0.5 mm 0.3 mm and LWP
vation are produced. uncertainty is reduced from 30 gThto ~ 10-15g T2 (de-

ARM has used both stati.stica! qnd physical retrievals topending on the frequencies used and on the location).
derive PWV and LWP from its original 2-channel (23.8 and

31.4 GHz) radiometers and the same approach is maintaineg.3 Physical retrievals

with the extended network. Statistical retrievals (regression

or neural network) are available real-time from the archiveThe MicroWave Radiometer Retrieval (MWRRET) is a
and are useful in situations when users want to have an imphysical retrieval described in Turner at al. (2007b). The
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method uses collocated data from active remote sensors 1o0 R T

— o
+—+ TWP-Darwin —
*=—= NSA-Bamow -
X X GRW-Azores —

(e.g. cloud radar, laser ceilometer) to specify the cloud al- &
titude, and hence the cloud temperature, which significantly E
improves the accuracy of the retrieved LWP since the dielec- =
tric properties of liquid water emission is dependent on the &
ambient temperature (e.g. Cadeddu and Turner, 2011). The
MWRRET method autonomously derives and applies offsets
to the MWR'’s 31 GHz channel to eliminate biases that could
affect the retrieved LWP. The offset is most easily observed _. 1%
in clear sky scenes (when the LWP should be zero) and could
lead to a LWP bias as large as 30 ghfTurner et al., 2007b;
Marchand et al., 2003).

The procurement of the new 3-channel (23.8, 31.4, and
89 GHz) radiometers, as well as the desire to be able to per-
form physical retrievals from different combinations of ra-
diometers (e.g. MWR and MWRHF, or MWR and GVR), led Fig. 9. Top: monthly PWV mean and standard deviation at the SGP
to an update of the MWRRET algorithm (version 2). Further- (12Yr. black), TWP (10yr, red), NSA (12yr, green), and AMF1-
more, the updated MWRRET version uses a more recent vefizores (1 yn blue). Bottom: LWP momhly.med'an Yalues at the

. L . . same locations (only data with L\WA0 were included in the com-
sion of the radiative transfer code MonoRTM with the modi- outation).
fications to the gaseous absorption line and water vapor con-
tinuum described in Payne et al. (2008), Turner at al. (2009),

and Payne et al. (2011). The liquid water absorption model,5jyes were excluded from the computation of the median to
used is described in Liebe at al. (1991). avoid introducing unrealistic results). Seasonal LWP distri-
The basic retrieval framework in the updated (version 2),tions at the three fixed sites (SGP, TWP-Darwin, NSA) and
MWRRET algorithm is the same as in version 1: the PWV 4t the AMF1-Azores are shown in Fig. 10 together with the
and LWP are retrieved using an optimal estimation frame-meian and the 75th percentile of the distributions. From this
work where the prior covariance matrix has very large un-figyre it can be seen that the network covers a broad range of
certainties in the LWP and PWV as to not be a constraint ingjimates from the Arctic winter where clouds with low lig-

the retrieval. Profiles of temperature and humidity, which are iy water path are prevalent to spring/summer in the Azores
derived from radiosonde profiles that have been interpolategynere there is a prevalence of thicker clouds.
to the radiometer sample time, are used to specify the ver- £ocysing now on the retrievals from different radiometers,
tical structure of the atmospheric state. Cloud radar and/oq:ig_ 11a shows PWV from the neural network (MWR3C-
ceilometer data are still used to determine the height of thq\|N) and MWRRET compared to the 2-channel statistical
cloud base for the algorithm. If the active remote sensors deggtrieval (MWR-STAT) and unscaled radiosondes data. In
termine that the sky is cloud free or that the cloud is in lev- Fig. 11b are PWV retrievals at the NSA from the MWR,
els [above the] colder thar40°C [level], then the cloud  the GVR and the GVRP compared to radiosonde. The re-
(of some yet-to-be-determined LWP) is assumed to OeX'St atrievals display a good agreement in a water vapor range of 1
the level of maximum RH [below the] warmer tham0°C 14 60 mm (the retrieved data are often contaminated by rain
[level]; this is done to prevent the retrieval from placing a \yhen the PWV is above 60 mm). Figure 12 shows a compar-
liquid water cloud at levels where liquid water is assumedigon of LWP retrievals from the MWR and the MWR3C at
to not exist. If a cloud truly does not exist, it is hoped that the SGP during August 2012. The figure shows that the new
the retrieved LWP will be zero within the uncertainty of the 3.channel radiometers and associated new retrievals are pro-
retrieval. viding data in good agreement with the existing 2-channel
MWRs.

LWP (g/m"2

50

6
Month

3.4 Retrievals overview

3.5 Discussion of retrieval uncertainty
Figure 9 (top) shows the monthly PWV mean and stan-
dard deviation derived with the statistical retrieval from 12 yr An important aspect of the retrieval algorithm is the esti-
of MWR’s SGP data (2000-2012, black); 10yr of TWP- mation of the associated uncertainty. The uncertainty is es-
Darwin data (2002—-2011, red); 12yr of NSA data (2000-timated with various techniques depending on the retrieval
2012, green); and one year of AMF1 data in Graciosa Islandmethodology. Sources of uncertainty include the forward
Azores (2010, blue). The figure illustrates the large range ofmodel (gas spectroscopy and liquid water dielectric prop-
PWYV covered by the network~(2-60mm) as well as the erties), the radiosonde ensemble used to train the algo-
range of seasonal variations at the sites. Figure 9 (bottomjithm, cloud temperature, mean radiating temperature, in-
shows median values of LWP at the four sites (negative LWPstrument calibration and random noise. Uncertainties in the
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Fig. 12.In the x axis is the LWP retrieved with a linear statistical

Fig. 10. Seasonal LWP distribution at the 3 fixed sites SGP (black), "étrieval from the 2-channel radiometer MWR-STAT. In thexis
TWP-C3 (red), NSA (green) and at the AMF1-Azores (blue). The 'S the LWP retrieved from the 3-channel radiometer using a neu-
median and 75 percentile of the distributions are also given.
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ral network (MWR3C-NN, brown point) and a physical retrieval
(MWRRET, black points). Data were collected at the SGP in Au-
gust 2012N = 39 910.

MWR-STAT retrievals are derived by applying the derived
coefficients to the test ensemble and estimating the RMS
error between the computed and the simulated water vapor
and liquid water path. These monthly RMS error estimates
are provided in the data files. The neural network algorithm
computes individual error bars at each observation point.
These are estimated by adding a component due to the tar-
get noise and a component due to the measurement noise as
explained in detail in Cadeddu et al. (2009). In the MWR-
RET algorithm the retrieval uncertainty is computed from
the posterior covariance matrix. Figure 13 shows how the
addition of high-frequency channels to the network reduces
the retrieval uncertainty. In the left panel, the retrieval uncer-
tainty (expressed as a percentage) is displayed as a function
of PWV for the MWR-STAT (green), MWR3C-NN (blue),
MWR3C-MWRRET (black), and GVRP-NN (red). Notice
that the addition of the 89 GHz channel does not improve
the uncertainty in the water vapor retrieval unless a physi-
cal retrieval is used, in which case the uncertainty is halved.
On the other hand, the addition of frequencies between 170
and 183.3 GHz at the NSA sensibly reduces the PWV uncer-
tainty even with the NN algorithm (red points). In this case,
a retrieval uncertainty of- 3-5 % can be achieved when the
PWV is less than 10 mm as noted also by Cimini et al. (2009).
In the right panel of Fig. 13, the LWP uncertainty is shown
as a function of LWP. The addition of the 89 GHz channel re-
duces the LWP uncertainty considerably when either the neu-
ral network (blue) or the physical retrieval (black) is used, but

Fig. 11. Top panel: PWV retrieved from the MWR3C and MWR the uncertainty in the physical retrieval is smaller due to the
compared to PWV from radiosondes at the SGP site in August 2012xtra information included in the retrieval process. Higher

(N = 67). Bottom panel: PWV retrieved from the MWR (black frequencies (170-183.3 GHz) are useful when the water va-
dots), GVR (open squares), and GVRP (crosses) compared to PWWy s Jow as shown by the red points representing the GVRP-

from radiosondes at the NSA site in January 20N~ 58).

www.atmos-meas-tech.net/6/2359/2013/

NN at the NSA.
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Fig. 13.Errors in the PWV (left panel) and LWP (right panel) retrievals resulting from various combinations of channels and algorithms.
MWR3C (22.834, 30, 90 GHz) with a physical algorithm (MWRRET, black), and a neural network algorithm (NN, blue). MWR (22.8,
31.4 GHz) with a statistical algorithm (STAT, green), and GVRP (170-183 GHz) with neural network (NN, red).

4 \fertical profiles of temperature and humidity 10— ) 10 0T
Low-resolution temperature and humidity profiles from the I il l

12-channel microwave radiometers are derived every 5min  ° Poer -. 7°r "] 7
with a seasonal statistical retrieval and are available at two | f 1 'I 1 L
of the ARM sites (see Table 1). The algorithm retrieves pro- _ 5L b4 sk | o gl -

files of temperature and water vapor density at 47 levels be-*_E i i !
tween the surface and a 10 km altitude. The interpretation of & j "\ |
vertical profiles of temperature and humidity from passive = *I - O i
sensors requires some caution. Although the retrievals are or S R S P
47 levels between 0 and 10 km, the actual vertical resolution | [ 5| b 5l .
of the retrieval is much coarser and depends on the mode o ] '
operations (scanning vs. zenith pointing). Because of the ex- | B" 11 21 | A
ponential decay of the temperature-weighting functions, the %5 5=+ %5 o =11 o b 5 s
highest vertical resolution (approximately 100 m and 500 m Temperabits () Wallervaperdensity(gned)  Helaive humicily (o)

for temperature f”md humidity, respectivgly) is achigved nea'i:ig. 14. Mean bias (solid line) and standard deviation (dashed
the.surface and in the f',rSt km. The vert!cal resglutlon of theline) of the differences between retrieved (statistical retrieval) and
retrievals degrades rapidly above the first km in agreementagiosonde-measured profiles of temperature, vapor density and rel-
with the conclusions of Cadeddu et al. (2002phbert at  ative humidity (v = 112). Data were collected 4 times a day at the
al. (2009) showed that the observations have 2—4 degrees @MF1 during October 2012.

freedom for signal in both temperature and water vapor and

the MWRP information is mostly limited to the boundary

layer. The degrees of freedom for water vapor profiles varybased retrievals generally degrades with height, the combina-
with the integrated water vapor, being slightly higher in the tion of ground-based and satellite observations can improve
mid-latitudes and lower in the Arctic. Therefore, the infor- the retrieved profile through the entire troposphere (Liljegren
mation on the layers above the first 2 km is derived primar-et al., 2005; Ebell et al., 2013). The retrievals mean bias and
ily from the statistical ensemble used to train the retrievals.standard deviation for a month of data are shown in Fig. 14.
Monthly temperature and water vapor density retrieval uncer-This example illustrates some general features of the radio-
tainties are provided at each retrieval level. Additionally pro- metric profiles such as a higher accuracy in the first few hun-
files of relative humidity, virtual temperature, dew point tem- dred meters and low vertical resolution in the elevated layers
perature, and mixing ratio are provided. The profiles have a The ARM-provided retrievals of vertical distribution of
fairly coarse vertical resolution, however their high temporal cloud liquid water should be used with caution. Figure 2 re-
resolution can provide useful information on the mesoscaleveals that the sensitivities of the MWRP frequencies to lig-
evolution in the boundary layer. In addition MWRP retrievals uid water are very similar; the sensitivity of the temperature-
can be used as a reasonable first-guess for multi-sensor sensing frequencies to liquid water is also very simi-
satellite-based retrievals. Although the accuracy of ground{ar. This means that the MWRP has effectively only two
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Fig. 15.Top panel: LWP on 2 April 2010 at the AMF1-Azores (black point) and LWP obtained from vertically integrating the LWC retrieval
(brown points). The vertical line at 12:00 UTC indicates the time of the displayed LWC retrieval in the right panel. Bottom panel: corre-
sponding profiles of LWC retrieved by the MWRP and cloud base from the ceilometer. Right panel: Vertical profile of LWC retrieved by the
MWRP at 12:00 UTC. The black solid line is the retrieval and the area enclosed by dashed lines indicates the retrieval uncertainty.

liquid-sensing frequencies (30 and 51 GHz). Consequentlyare present, retrieval uncertainties vary betwees0 % and

the sensitivity to the vertical distribution of liquid water is ~ 100 % in agreement with the estimate provided in Crewell

very low and the retrievals will be dominated by the effect et al. (2009). However, it was recently shown that microwave

of the prior information used to derive the retrieval coeffi- measurements could improve LWC estimates when used in
cients. A discussion of uncertainty in LWC retrieval using conjunction with cloud radar measurements (Ebell et al.,

only radiometric measurements can be found in Crewell e2010).

al. (2009). An example of LWC retrieval is shown in Fig. 15.

The top panel shows the integrated liquid water on 2 April _

2010 at the AMF1-Azores site. The bottom panel shows the> Conclusions

corresponding liquid water content retrieved by the MWRP . .
with aZtatistigalqretrievaI. It can be noticed tha)t/ the MWRP In recent years there has been an interest in the deployment

: - . and coordination of networks of ground-based instrumenta-
retrieves liquid water content (above noise levels) only when . S
. P tion (Cimini et al., 2012) and on the complementary use of
the LWP is above~200gn1“. The left panel shows one A . . .
. . . multiple instruments for the retrieval of 3-dimensional cloud
single profile collected at 12:00 UTC, when the LWP was : S . )
. and water vapor fields or validation of satellite retrievals. The
approximately 260 g r?. The area enclosed between dashed L .
i - . . : ; long-term use of data from multiple instruments located in
lines indicates the retrieval uncertainty. From the figure it can

be seen that the uncertainty affecting the LWC retrieval indlﬁerent sites and covering different frequency ranges re-

this case can be as high as 100 %. Even when thicker cloudduires high co_nﬂdence in the long-term calibration and in the
retrieval algorithms.
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