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Abstract. Multi-instrument, ground-based measurements
provide unique and comprehensive data sets of the atmo-
sphere for a specific location over long periods of time and
resulting data compliment past and existing global satellite
observations. This paper explores the effect of ice hydrom-
eteors on ground-based, high-frequency passive microwave
measurements and attempts to isolate an ice signature for
summer seasons at Summit, Greenland, from 2010 to 2013.
Data from a combination of passive microwave, cloud radar,
radiosonde, and ceilometer were examined to isolate the ice
signature at microwave wavelengths. By limiting the study
to a cloud liquid water path of 40gm~2 or less, the cloud
radar can identify cases where the precipitation was domi-
nated by ice. These cases were examined using liquid water
and gas microwave absorption models, and brightness tem-
peratures were calculated for the high-frequency microwave
channels: 90, 150, and 225 GHz. By comparing the measured
brightness temperatures from the microwave radiometers and
the calculated brightness temperature using only gas and lig-
uid contributions, any residual brightness temperature differ-
ence is due to emission and scattering of microwave radia-
tion from the ice hydrometeors in the column. The ice sig-
nature in the 90, 150, and 225 GHz channels for the Summit
Station summer months was isolated. This measured ice sig-
nature was then compared to an equivalent brightness tem-
perature difference calculated with a radiative transfer model
including microwave single-scattering properties for several
ice habits. Initial model results compare well against the 4

years of summer season isolated ice signature in the high-
frequency microwave channels.

1 Introduction

Better characterization of precipitation in the Arctic is funda-
mental to improve our understanding of the hydrological cy-
cle and mass balance of the polar ice sheets. The Greenland
Ice Sheet (GIS) is of particular interest as it has relatively
large impacts on the Earth’s climate system (Church, 2001).
Understanding the characteristics of precipitation above the
GIS is a key factor in quantifying the full energy and ice
mass balance. Accurate atmospheric measurements and re-
mote sensing precipitation retrievals from multiple instru-
ments are essential to resolving and refining precipitation es-
timates over the GIS.

Microwave radiometers (MWRS) are a common remote
sensing instrument, which make passive measurements of
radiance at specific frequencies. Typically, MWR measure-
ments are used to retrieve atmospheric properties, specifi-
cally liquid water path and precipitable water vapor (LWP
and PWYV, respectively). A frequently implemented tech-
nique for characterizing ice hydrometers from satellites
and aircraft is to use high-frequency microwave channels
(89 GHz and greater) and look for depressed brightness tem-
peratures due to scattering of the upwelling radiation to cal-
culate an ice water path (Hong et al., 2005; Bennartz and
Bauer, 2003; Kulie and Bennartz, 2009; Deeter and Evans,
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2000). While liquid and gas in the atmospheric column ab-
sorb and emit microwave radiation, ice hydrometeors scatter
surface radiation away from the satellite sensor and depress
the observed brightness temperature (BT). The same tech-
nique can be used from the ground looking up with the op-
posite effect, as ice scatters the upwelling radiation back to-
wards the MWR sensor. Kneifel et al. (2010; hereafter K10)
demonstrated the presence of an enhanced BT signature from
ice hydrometeors in downwelling microwave radiance ob-
servations for a case study of snowfall in the Alps using
ground-based MWRs. The high-frequency channels (90 and
150 GHz) are considered “window channels”, since these fre-
quencies are free of strong gas absorption lines. At these fre-
quencies the clear-sky downwelling radiance is very small,
so when ice or liquid water is present these channels see a
warmer BT, as seen by the K10 study.

If there are ice hydrometeors present in the atmosphere
column, they will have two effects on the observed down-
welling radiance at the surface: emission of radiation and
scattering of the surface-emitted radiation back to the instru-
ment. In general, ice hydrometeors have fairly high single
scatter albedo (SSA) at high microwave frequencies, regard-
less of habit and size distribution. Typically the SSA will be
in the range 0.8-0.9 (Liu, 2008), which implies that scattered
radiation is likely the larger effect, but there may still be sig-
nificant emitted radiation from the ice hydrometeors. Since
some of the ice signature is scattered surface radiation, the
magnitude of the effect is related to both the surface tem-
perature and emissivity. The surface emissivity of different
types of snow seen at Summit varies in the range of 0.60
to 0.91 for the higher-frequency passive microwave channels
used in this study (Yan et al., 2008). This makes the ice signa-
ture challenging to model because it depends on both proper-
ties of the ice hydrometeors (habit, size distribution, amount,
etc.) and the surface (temperature, roughness, emissivity).

We propose that the enhanced BT from the ice hydrom-
eteors can be isolated and quantified by combining the ob-
served data from instruments in the Integrated Characteriza-
tion of Energy, Clouds, Atmospheric State, and Precipitation
at Summit project (ICECAPS; Shupe et al., 2013) with radia-
tive transfer models of the gas and liquid in the atmosphere.
By doing this we are enhancing the K10 study by expand-
ing it to multiple years of data in an Arctic environment with
very low amounts of liquid water and precipitable water va-
por, which present unique challenges. Additionally, since the
temperatures at Summit Station are below freezing, we are
implementing a newly developed cloud liquid water model
for more accurate retrievals in the presence of supercooled
water (Kneifel et al., 2014; Turner et al., 2015). Because
the ice signature is also dependent on ice crystal habit and
size distribution, relying on a small number of precipitation
events to derive the ice signature may bias the result toward
specific precipitation situations. The large data set from the
ICECAPS Project allows for the average ice signature to be
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computed over many precipitation events, thus reducing this
potential sampling bias.

In this paper we use the ICECAPS instrument suite (de-
scribed in Sect. 2) to resolve a signal from the ice hydromete-
ors present in the high frequency, ground-based MWRs (90,
150, 225 GHz) for multiple years of summer season data at
Summit, Greenland. We modeled the gas and liquid present
in the column and compared that to observations from the
MWRs (Sect. 3). We had to develop a technique to accu-
rately model the absorption/emission from the liquid water
and atmospheric gases; this is described in Sect. 4. Finally,
we demonstrate an initial scattering model of the ice and
compare these results to the observed signature (Sect. 5).

2 Data sets and methods

Studying the seasonal characteristics of the ice hydromete-
ors above the GIS is made possible with observations from
the ICECAPS instrument suite from 2010 to 2013. Model re-
sults are then combined or compared with observations from
specific instruments in the ICECAPS suite.

2.1 ICECAPS project and instrument suite

Summit Station was the site of the Greenland Ice Sheet
Project 2 (GISP2) ice core project, and has been expanded
to a continuously operational science facility dedicated to
studying the atmosphere and ice sheet properties of the GIS
(Dansgaard et al., 1993). Summit Station is home to many
atmospheric and snow science instruments, including ICE-
CAPS, which is purposely co-located at Summit Station to
aid in understanding the cloud and atmosphere properties
over the GIS and their interaction with the cryosphere. Since
2010, the ICECAPS suite of instruments has been monitoring
a variety of atmospheric parameters to further our knowledge
of atmospheric processes above the GIS (Shupe et al., 2013).
The ICECAPS project will remain at Summit until at least
2018, thus providing a comprehensive data set and analyses
of the atmosphere over central Greenland. Additionally, ICE-
CAPS is expanding the network of past and existing high-
latitude atmospheric suites (i.e., Eureka, Canada and Barrow,
Alaska, Ny-Alesund) already helping to characterize Arctic
atmospheric and cloud processes (Shupe et al., 2011; Uttal et
al., 2015).

ICECAPS is modeled after other successful Arctic obser-
vatories and is similar in scope to facilities run by the De-
partment of Energy’s Atmospheric Radiation Measurement
(ARM) program (Ackerman and Stokes, 2003; Shupe et al.,
2013). The ICECAPS instrument suite is supported by year-
round technicians and support staff at Summit Station and is
updated with new instruments, upgrades, and repairs by re-
searchers every summer. Table 1 illustrates a brief overview
of the ICECAPS instruments used in this study, including key
specifications, measurements, and retrieved parameters. We
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Table 1. Sub-group of ICECAPS suite instruments used in this study (modified from Table 1 in Shupe et al., 2013).

Instrument name

Specifications

Measurements

Derived parameters

HATPRO

MWRHF

MMCR

Ceilometer

RS-92K or
RS-92SGP Radiosondes

MWRHF-225

Frequencies:

22-32 GHz (7 channels);
51-58 GHz (7 channels);
2 to 4 s resolution
Frequencies:

90 and 150 GHz;

2 to 4 s resolution

35 GHz (Ka band);

8 mm wavelength;

45 m vertical bin size;

2 s resolution

905 nm wavelength;

15 m vertical resolution;
15s resolution

Twice daily (00:00 and
12:002);

1s resolution
Frequency:

225 GHz;

Downwelling brightness
temperature

Downwelling brightness
temperature

Reflectivity, Doppler veloc-
ity, Doppler spectral width
Backscatter

Temperature, relative
humidity, pressure, winds

Downwelling brightness
temperature

Cloud LWP and PWV

Cloud LWP and PWV

Cloud micro- and macro-physics

Cloud dynamics

Cloud-base height

Cloud temperature, tropospheric

thermodynamic structure

Atmospheric opacity

4745

4 s resolution

employed data from a subgroup of the ICECAPS suite and a
co-located 225 GHz MWR. The available measurements and
retrieved values are further described in the following sec-
tions.

2.1.1 Millimeter cloud radar

The Millimeter Wavelength Cloud Radar (MMCR) is a
zenith pointing, 35 GHz (Ka band) radar with processed mea-
surements provided every 10s at a height resolution of 45 m
(Moran et al., 1998). The MMCR measures the profile of re-
flectivity, Doppler velocity, and Doppler spectral width in the
column above. For the MMCR, hydrometeors with geometric
diameters less than approximately 3 mm are in the Rayleigh
scattering region (Kneifel et al., 2011). However, for ice hy-
drometeors larger than ~3 mm diameter the Rayleigh ap-
proximation breaks down (at this size, the MMCR starts to
see Mie resonance effects) and the backscatter cross section
depends on ice habit (Kneifel et al., 2011; Petty and Huang,
2010).

The Doppler velocity measures the fall speed of parti-
cles toward the radar — this is dependent on the mass and
projected area of the ice hydrometer population; thus, some
micro-physical insight is gained from these fall speed values.
However, the particles are embedded with a vertical wind
field that will affect the measured fall speed.

Finally, the variance of the velocity in a given pulse vol-
ume, the Doppler spectral width, aids in determining turbu-
lence and contains indicators of hydrometeor phase. Strong
turbulence or multiple phases/habits in a cloud layer leads
to large a Doppler spectral width. On the other hand, uni-
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form particle populations, such as for those precipitating out
of a cloud, exhibit relatively low Doppler spectral width. By
combining these measured quantities from the MMCR, we
can infer many properties of the hydrometeors observed at
Summit.

2.1.2 Microwave radiometers

ICECAPS also gathers observations from three different pas-
sive MWRs all built by Radiometer Physics GmbH. The Hu-
midity and Temperature Profiler (HATPRO) has seven chan-
nels from 22 to 32 GHz (near 22.24 GHz water vapor absorp-
tion line) and seven channels from 51 to 58 GHz (near oxy-
gen absorption line; Rose et al., 2005). The high-frequency
microwave MWR (MWRHF) has two high-frequency chan-
nels: 90 and 150 GHz. The two radiometers are run in a
master—slave configuration and make coincident measure-
ments every 4 s. Data from the third co-located MWR, which
is sponsored by the Academia Sinica Institute of Astronomy
and Astrophysics (ASIAA) group, observes downwelling ra-
diation at 225 GHz, and takes measurements every 4 s (Mat-
sushita et al., 2013). Although all of the MWRs measure the
downwelling atmospheric radiance at several elevation an-
gles, in this study we only use data from zenith pointing.
Passive microwave radiometry is commonly used to derive
liquid water path (LWP; Crewell et al., 2009). By combining
the BTs observed from specific channels, PWV and LWP are
derived. Historically, LWP and PWV at ARM sites are de-
rived using the 23.84 and 31.40 GHz channels using a ver-
sion of the MWR retrieval (MWRRET) algorithm (Turner
et al., 2007a). The physical retrieval method employs the
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MonoRTM radiative transfer model (Clough et al., 2005) and
the Liebe91 liquid water model (Liebe, 1991). It was found
that the addition of high-frequency channels to the retrieval
algorithm improves LWP accuracy, particularly for low LWP
amounts. By adding the 90 GHz channel, the uncertainty is
reduced from 20 to 30 g m~2 to better than 12 gm~2 (Crewell
and Lohnert, 2003; Lohnert and Crewell, 2003). The four
channel MWRRETV2, which includes the addition of the
90 and 150 GHz channels, calculates an uncertainty of 4—
5gm~2 for typical retrievals at Summit (MWRRETV2).

The reduced uncertainty at low LWPs is important to this
study, as the cloud liquid water path on average at Summit
(and the Arctic as a whole) is small as 80 % of liquid-bearing
clouds in the Arctic have less than 100gm~—2 LWP (Turner
et al., 2007b). However, the K10 study showed that high-
frequency channels have enhanced brightness temperatures
when ice is present in the column. Additionally, recent stud-
ies have indicated that many liquid water absorption models
do a poor job adequately accounting for supercooled cloud
liquid water (Turner et al., 2015; hereafter TKC15). We com-
pared results from four channel MWRRETV2 retrievals us-
ing both the Liebe91 and TKC15 models. We found that the
MWRRET retrieval had improved convergence when using
TKC15 versus the Liebe91 cloud liquid water model, espe-
cially in the difficult to resolve ice affected cases. To fur-
ther mitigate the effect of the enhanced BTs in the high-
frequency channel, we opted to use MWRRETV2 with the
TKC15 model and only three channels to compute LWP and
PWV: 23.84, 31.40, and 90 GHz. Due to computational ex-
pense, the MWRRET retrieval is run on the MWR data every
100s.

2.1.3 Ceilometer

The MWRRET retrieval gives the integrated cloud liquid wa-
ter amount but no information about cloud altitude. Cloud-
base height (CBH) is estimated from a Vaisala Ceilometer
(VCEIL). The VCEIL is a vertically pointing 905 nm pulsed
laser system with 15m height resolution and takes a mea-
surement every 15s. Cloud-base heights (up to three layers)
are determined based on the backscattered signal received by
the instrument. We use the first cloud-base height retrieved
from the VCEIL to define the base of the cloud liquid water
layer in this study.

2.1.4 Radiosondes

This study also uses data from twice daily balloon-borne ra-
diosondes (manufactured by Vaisala, models RS-92K and
RS-92SGP) launched at Summit Station. The launches oc-
cur at approximately 1200 and 2400 Coordinated Universal
Time (UTC), and gather in situ measurements of tempera-
ture, pressure, relative humidity, and, in some cases, horizon-
tal wind speed and direction. These thermodynamic profiles
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provide critical input for the radiative transfer modeling (see
Sect. 2.2).

2.1.5 Merged data

The data sets described above are merged together to a com-
mon sampling time, defined by the MWRRET retrieval (ev-
ery 100 ). The slower data stream (twice daily radiosonde) is
linearly interpolated to the common sampling time, and the
faster data streams are simply subsampled at the MWRRET
retrieval times. We interpolate all the data to the fixed height
grid defined by the MMCR.

For an example day, we use data from the prior day’s ra-
diosonde launch (day — 1, 24:00 UTC) along with the two ra-
diosondes launched for the given day (12:00 and 24:00 UTC)
and linearly interpolate the temperature, pressure, and rela-
tive humidity of each layer in the column throughout the day
to the MWRRET temporal grid. The vertical layering uses
the MMCR vertical grid up to 7.5 km altitude above ground
level (a.g.l.). Above this altitude, the layering becomes grad-
ually coarser and extends to up 30 kma.g.l. Next, the MWR
retrieved PWYV is used to scale the interpolated relative hu-
midity from the radiosonde — this is because the PWV re-
trieved value is higher temporal resolution and more accu-
rate than the radiosonde data (Turner et al., 2003). Finally, a
single layer cloud is inserted into the vertical grid at the first
cloud-base height (CBH1) detected by the VCEIL, with the
MWR retrieved LWP value.

2.2 Absorption coefficients for gas and liquid water

The emission and absorption of the gases and liquid water in
the atmospheric column are modeled using in situ observa-
tions of temperature and pressure and remotely sensed values
of integrated water vapor, liquid water content, and cloud-
base height from the ICECAPS instruments. To compute the
volume absorption coefficients of dry air and water vapor in
the atmospheric column, we employed the MonoRTM (v5.0;
Clough et al., 2005) using inputs of layer temperature, pres-
sure, and scaled water vapor. The liquid water absorption and
emission is modeled using the TKC15 model (Turner et al.,
2015) with inputs of liquid water content (LWC) at a de-
fined cloud height and temperature. For altitudes above the
radiosonde profile, a subarctic standard atmosphere profile is
assumed. The simulated emission is not sensitive to the de-
tails of the upper atmosphere profile, but systematic biases
would be present if the atmosphere was artificially truncated
at too low an altitude.

2.3 Successive-order-of-interaction radiative
transfer model

In ice-cloud-free atmospheres, the RT model need only con-
sider the absorption and emission of atmospheric gases and
liquid water. When ice is introduced into the column, multi-
ple scattering can occur and we then must employ a radiative
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transfer model that accounts for scattering. The successive-
order-of-interaction (SOI) RT model accurately simulates
scattering for the infrared and microwave spectral region
(Heidinger et al., 2006; O’Dell et al., 2006). The SOI model
combines the layer-averaged optical properties and temper-
ature in order to compute downwelling radiance at selected
frequencies. The layer-averaged optical properties are calcu-
lated from the gas and liquid water absorption models (de-
scribed above) and ice optical properties (further discussed
in Sect. 5). The SOI modeled BTs can then be compared to
MWR observations. For all cases used in this study we em-
ployed the SOI radiative transfer model, even when model-
ing non-scattering atmospheres that only include gases and
cloud liquid water absorption. As is further discussed in the
subsequent section, comparing the measured and modeled
BTs at specific frequencies lends insight into the hydrome-
ters present in the atmospheric column.

3 lIce hydrometeor behavior as observed by ICECAPS

Similar to K10, we compared the BTs in the high-frequency
channels of the MWRs to the output from the radiative trans-
fer model calculation. The K10 study employed a radiative
transfer model that included absorption/emission and scat-
tering to simulate the behavior of the ice signature based on
the habit, surface emissivity, etc. Different from K10, we do
not initially include an ice scattering model for the purpose
of identifying the ice signature. We instead attempt to isolate
the ice radiative signature in the observations by accounting
for any other potential emission or absorption sources within
the column. If we compare the calculated BT using only gas
and liquid water to the observed BTs from the MWRHF, any
difference should be due to the ice signature. Consequently,
the average ice hydrometeor radiative signature can be com-
puted over many precipitation events by extending the anal-
ysis to the full available ICECAPS data set.

3.1 Characterization of ice precipitation at Summit

We can acquire statistics of different precipitation regimes at
Summit by merging all available MMCR data and plotting
contoured frequency by altitude diagrams (CFADs). CFADs
depict all data as a two-dimensional occurrence histogram,
with the vertical axis representing the height dimension and
the horizontal axis representing a radar measurement (for ex-
ample, reflectivity). Figure 1la is a CFAD of all the reflec-
tivity values measured by the MMCR for any given time
within the summer months — June, July, August (JJA) — 2010
through 2013. We can highlight the types of hydrometeors
observed during specific atmospheric conditions by filter-
ing the MMCR reflectivity CFAD, illustrated in Fig. 1a, as
a function of other ICECAPS instrument measurements or
derived parameters.
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Filtering the MMCR CFAD:s by the corresponding MWR-
derived LWP for the same time period can identify regimes in
which ice hydrometeors are likely present. We partition the
data with a threshold LWP value in order to select cases that
have low LWP. The exact threshold value is arbitrary, as the
resulting CFADs are not sensitive to the particular thresh-
old value. We tried values of 5, 10, and 40gm~—2 and ob-
served qualitatively similar CFADs. We selected a 40gm~—2
LWP threshold for the remaining analysis, since this yielded
a larger number of cases for the study (as opposed to the
lower LWP threshold values).

As depicted in Fig. 1b and ¢, the MMCR reflectivity CFAD
for JJA has been filtered by cases when LWP was less than
and greater than 40 g m—2, respectively. The resulting CFADs
have different characteristics from each other and lend in-
sight to the behaviors of the hydrometeors in each case.
For the case of LWP less than 40gm~2, the CFAD illus-
trates common ice hydrometeor behaviors: a fall-streak-like
pattern of increasing reflectivity with decreasing height and
peak near-surface reflectivities above 0dBZ (see Fig. 1b).
In contrast, the reflectivity CFAD for the cases where LWP
is greater than 40gm~2 has a concentration of counts at a
broader range of smaller reflectivities located at lower alti-
tude, likely indicating dominance of shallow mixed ice and
supercooled water cloud (though there is also a faint signal
indication of some fall-streak behavior; see Fig. 1c). The re-
flectivities shown in Fig. 1b for less than 40 g m—2 LWP cases
have characteristics of deep, precipitating ice cloud, while
the greater than 40 gm—2 LWP cases show features similar to
the shallow mixed-phase stratocumulus (Fig. 1c). Addition-
ally, Fig. 1 panels d through i depict the Doppler velocities
and spectral width measurements from the MMCR as CFADs
for all LWPs, less than 40 gm~2, and greater than 40 gm~—2.
The features seen in the Doppler velocity and spectral width
CFAD:s for the cases less than 40 gm—2 are consistent with
the characteristics of deep, precipitating ice cloud (high fall
speeds and low spectral widths throughout the column, rela-
tive to greater than 40 g m—2 LWP cases).

The frequency of cases in JJA where the LWP is greater
than 40 gm~2 is ~ 22 %, while the cases where LWP is less
than 40 gm~2 is ~ 63 % of the time, and clear sky is the re-
maining 15 % of cases (i.e., where the MMCR reflectivity is
less than —60 dBZ). To maximize the likelihood of observ-
ing ice dominated cases, we limit our work to focus on cases
in JJA with LWP of less than 40 gm~2. As stated above, the
cases with LWP greater than 40 g m—2 show features consis-
tent with the shallow mixed-phase stratocumulus and by fil-
tering out some of these events, we can better focus the study
on the deeper, precipitating ice clouds. Since cases with LWP
of less than 40 g m—2 represent the majority at Summit during
the summer months, we can use this filter to get an accurate
characterization of ice hydrometeor behavior while limiting
interference from higher liquid water path.

We argue that the large radar reflectivity values are directly
correlated to ice backscatter and cannot be from liquid pre-
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Figure 1. CFADs of MMCR reflectivity for summer (JJA) at Summit, Greenland, from June 2010 to August 2013 with a sample resolution
rate every 10s. Panel (a) shows JJA reflectivity for all measured LWPs while panel (b) is filtered to reflectivities only when LWP is less than
409 m~—2 and panel (c) is filtered for cases greater than 409 m~2. Additional CFADs of MMCR Doppler velocity and spectral width for
summer at Summit, Greenland, for all LWPs (d, g), when LWP is less than 40gm~2 (e, h), and when LWP is greater than 40gm~2 (f, i),
respectively. LWP less than 40g m~2 accounted for ~ 63 % of cases, while greater than 40 g m~2 is 22 % of cases, and the remaining 15 %

is clear sky (as determined by the MMCR).

cipitation, as Summit is never above freezing and thus large
liquid hydrometeors (greater than 80 um diameter) are highly
unlikely to occur (Pruppacher and Klett, 2000). Since we
do not expect to see liquid hydrometeors larger than cloud
droplets at Summit Station, MMCR observed reflectivities
greater than —15dBZ should be indicative of ice (Frisch et
al., 1995).

3.2 Enhanced brightness temperatures in the
high-frequency channels

As postulated from previous case studies in K10, the higher-
frequency channels in the ground-based zenith-pointing
MWRs will see an enhanced BT in the presence of ice in
the column. Thus, we examine the difference between the
measured BTs from the 90 and 150 GHz channels and the
SOI model outputs (with no ice included, gas and liquid wa-
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ter contributions only) at that same frequency. As illustrated
in the contour plot of the JJA comparison in Fig. 2¢c and d,
there is an increase in the difference of the observed minus
modeled BTs as a function of the MMCR reflectivity con-
verted to what we refer to as “Zpan”, though very small in
the 90 GHz channel.

The Zpary is simply the column integrated reflectivities
with units of mm® m—2. This MMCR Zpath measurement
is related to the total amount of hydrometeor backscatter in
the atmospheric column. The use of ZparH is advantageous
because it acts as a proxy for ice water path (IWP) yet does
not rely on conversions that are sensitive to ice habit (Kulie
et al., 2010). ZparH is defined as

ZPATH 2/100'1'R(Z)d2. (1)

www.atmos-chem-phys.net/16/4743/2016/
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Figure 2. Brightness temperature differences between observations
minus the modeled gas and liquid contributions in the 23.84, 31.40,
90, and 150 GHz channels as a function of Zpaty for LWP less than
409 m2. The count histogram is binned logarithmically in ZpaTH
and linearly in AT, shown as percentage of total observation count
per bin. The 150 GHz channel shows an enhanced BT difference
with respect to ZpatH (d), while the 90 GHz has a slight enhanced
BT, the 31 GHz exhibits a negative dependence, and the 23.84 GHz
is channel neutral.

Where R(z) is the observed radar reflectivity profile in units
of dBZ.

The observed minus modeled BT differences at 90 and
150 GHz have a clear positive dependence on Zpary. AS
stated in the previous section, we do not expect to see any
liquid hydrometeors at reflectivities greater than —15dBZ at
Summit since there is no “warm rain” process, which means
that large ZpaTy Values are indicative of ice. Therefore, the
relationship between the BT differences at 90 and 150 GHz
and the MMCR Zpa7H suggest that the enhanced BT signa-
ture is caused by ice hydrometeors.

3.3 Depressed brightness temperatures at 31.40 GHz

The lower-frequency channels (23.84 and 31.40 GHz) should
exhibit little to no effect from the presence of ice hydromete-
ors in the atmospheric column, as the microwave radiation at
these frequencies is comparatively insensitive to ice hydrom-
eteors (Johnson et al., 2012). Thus, we expect the histogram
contours to be nearly vertical at the 23.84 and 31.40 GHz
for the relationship between the BT differences and the in-
tegrated reflectivity (ZpatH). However, as seen in Fig. 2b,
the 31.40 GHz channel shows a clear negative dependence
on ZpatH at the highest values. There is no physical mecha-
nism by which ice hydrometeors could decrease the observed
downwelling radiance. This result implies an issue with the
input values implemented in the radiative transfer model, as
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it is unlikely for the low-frequency channels at 23.84 and
31.40 GHz to see much contribution from ice in the column.

Two of the inputs for the radiative transfer model are re-
trieved values based on BTs from the MWRs: the PWV and
LWP. As explained in Sect. 2.1.2., the retrieval for the PWV
and LWP employ a three-channel algorithm, which includes
the 90 GHz channel. Though we tried to mitigate the effect
of the ice by using the three-channel algorithm, the enhanced
BT in the 90 GHz still has a significant impact on the re-
trieved LWP and PWV. More precisely, the retrieval will tend
to adjust the LWP and PWYV in order to account for the en-
hanced BT from the ice hydrometeors, leading to an overes-
timate of LWP and underestimate of PWV.

4 Liquid water path retrieval influenced by ice

As postulated in the previous section, we believe that the
MWR retrieved LWP (PWV) values are biased high (low)
when a significant ice signature is present in the column
due to the retrieval incorporating the 90 GHz MWR channel.
However, if we use only a retrieval based on the lower fre-
quencies of 23.84 and 31.40 GHz, the random error in LWP
increases dramatically to 20-30 g m~2, which is a large frac-
tional error (> 50 %). Thus, a relationship for the LWP and
PWYV biases in the three-channel retrieval as a function of
the MMCR derived ZpatH must be determined to accurately
distinguish the ice signature. We developed a first-order cor-
rection of the estimated MWRRET retrieval biases, where
the intention of this correction is to recover the ice signature,
not to produce a formal correction to the ice-influenced LWP
and PWV retrievals.

4.1 Ice signature influence on retrieved liquid water

As illustrated in Fig. 2, the difference between measured
and modeled BTs as a function of ZpatH, analogous to the
amount of ice in the column, decreases in the 31.40 GHz
channel. This effect is an artifact in the simulated BTs caused
by the following chain of events:

1. The presence of ice increases the observed BTs at
90 GHz but has little effect on the lower frequencies.

2. Since the retrieval does not include effects from ice, the
retrieval accounts for this enhanced signal in the 90 GHz
channel by increasing (decreasing) the retrieved LWP
(PWV) thus producing a positively (negatively) biased
LWP (PWV) estimate.

3. Since the spectral absorption for the three water states
(vapor, liquid, ice) have different shapes, the retrieval
cannot reduce the modeled—measured BT bias to zero
for all channels.

To better illustrate this idea it is useful to look at Fig. 2 from
K10, where the optical thickness as a function of frequency
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Figure 3. Panel (a) shows the simulated downwelling microwave radiance spectrum with no ice (black) and the simulated spectrum with the
biased PWV and LWP obtained by the retrieval (cyan). Panel (b) shows the simulated data after subtracting the simulated spectrum with no
ice. The effect of the biased LWP and PWV on the microwave spectrum are shown independently (blue and green lines, respectively) and
combined (cyan line). The “X” marks show the simulated ice influence at 23.84, 31.40, and 90 GHz.

is plotted for several absorption models — water vapor, liquid
water, ice by habit, etc. The liquid water and ice total optical
depths (z) are less than 0.2 for these frequencies. Since the
total 7 is low, we can make two simplifying approximations:
first, the transmission to any atmospheric layer in the column
is nearly 1; and second, the change in transmission through
a layer is approximately the change in 7 for that layer. This
implies the BTs are a linear combination of = for each atmo-
spheric component.

The bias in the simulated BT, shown in Fig. 2, suggests
that the MWRRET retrieved PWV and LWP may be influ-
enced by the presence of ice hydrometeor signature in the
90 GHz channel used in the retrieval. Since the MWRRET
does not include ice hydrometeors in the radiative transfer
calculation, it can only fit retrieval channel observations by
adjusting the PWV and LWP. The higher optical depth for
liquid water at 90 GHz suggests that MWRRET adds extra
LWP to account for the observed microwave ice signature.
This will increase the forward modeled BT for the 23.84 and
31.40 GHz channels as well. Since there will be effectively
zero ice signature at the low-frequency MWR observations,
the extra LWP will cause the low-frequency BTs to be biased
high. The retrieval partially compensates for the high BT bias
at low frequencies by decreasing the PWV, which will reduce
the simulated BT primarily at the 23.84 GHz channel, which
is near the water vapor absorption line. Figure 3 shows these
biases in a schematic fashion. Because the liquid absorption
model uses the MWR retrieved LWP and PWYV as inputs to
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the SOI, a correction for the retrieved LWP and PWV in the
presence of ice is necessary to accurately quantify the ice im-
pact on passive microwave BTSs.

4.2 Ice-influenced liquid water path correction

The lower-frequency channels are comparably insensitive to
ice (Johnson et al., 2012), so we focus on the 23.84 and
31.40 GHz channels to derive a first-order estimate for the
MWRRET LWP and PWYV biases from the ice signature. In
order to correct for the apparently biased PWV and LWP, we
make an ad hoc linear correction to the retrieved values. We
assume the PWV and LWP bias are linearly related to the
ZpaTH- As described in the previous section, the channels
used in the retrieval, the RT is in the linear regime. Thus, the
PWYV and LWP biases are linearly related to biases in the for-
ward modeled BT, with their relationships described by the
forward model Jacobian (K). Formally, if we write the coef-
ficients relating the ZparH and the retrieval bias as e wp and
epwv, then the forward model perturbation can be expressed
as

§TB2384GHz | _
8TB31.4GHz

|: K23.84GHz, Pwv K23.84 GHz, LWP] |:

eLWp ZpATH @)
K31.4GHz, Pwv K31.4GHz, LWP

epWvV ZPATH

or
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Figure 4. Histograms of the MMCR ZpaTH and the difference
between the measured and modeled BT at 23.84 and 31.40 GHz
before and after the linear correction are shown above. Contour
levels are linearly spaced, showing counts per factor of 10095 in
ZpaTH and per 0.05K in BT difference. The y axis is truncated to
6 x 10%* mm® m=2 Zpa7y to highlight the correction in the low ice
optical depth cases. Red signifies 50 and higher counts and blue
signifies fewer than five counts. Plots are linear in both axes. The
uncorrected 31.40 GHz channel (c) has a negative bias as a function
of the ZpaTH. The slope of the uncorrected 31.40 GHz (c) histogram
yields the value of ATy/AZparH used in the linear correction. For
both low-frequency channels, once the correction is applied, no de-
pendence on ZpaTH is present (b, d).

8T B = KeZpaTH. 3)

Inverting Eq. (3) to solve for the e coefficients yields:

1
ZpATH

The linear relationship between 5T B and ZparH can then
be estimated from Fig. 4a and ¢, by measuring the slope of
the point distribution. For the 23.84 GHz result, the slope is
zero, which is due to compensating errors in LWP and PWV.
For 31.40 GHz, the slope is approximately —3.3 x 1074 K
per (mm®m~2). Inserting these values into Eq. (4) yields
a value of —1.3 x10~*gm=2(Mmm®m=2)~ for e,wp and
4.4 x 10-% cm (mm8 m=2)~1 for epwv.

To utilize these corrections in our modeling framework,
the Zpary from the MMCR is multiplied by the scaling fac-
tor, and the PWV and LWP are adjusted accordingly (for ex-
ample, for a Zpath of 10* mm® mm—2, the correction would
reduce the LWP by 1.3gm~2 and increase the PWV by
0.044 cm):

e=K1sTB

(4)

LWPcorrected = LWPretrieved + eLwp X ZpaTH, (5)
PWVcorrected = PWVretrieved + epwv X ZpaTH- (6)
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The corrected PWV and LWP are then used in the forward
RT simulation with the SOI framework.

Returning to Fig. 3, we show the effect of these correc-
tions for a standard profile at Summit with 0.1 cm PWV and
20gm—2 LWP. The top panel a shows the simulated down-
welling microwave radiance spectrum with no ice included
in the simulation, and the simulated spectrum with the biased
PWV and LWP obtained by the retrieval. The second panel b
shows the same simulated data after subtracting the simu-
lated spectrum with no ice. The effect of the biased LWP and
PWYV on the microwave spectrum are shown independently
(blue and green lines, respectively) and combined (cyan line).
The residuals that are minimized by the retrieval (observed
radiance minus forward model radiance) are the differences
between the cyan line and the black “X”s. We see the com-
pensating biases at 23.84 GHz, which minimizes the mag-
nitude of the residuals at 23.84 GHz, as well as the oppo-
site signs for the residuals at 31 GHz (negative) and 90 GHz
(positive). The cyan line represents the retrieval’s solution to
minimizing the residuals when it cannot correctly account
for the ice signature, which impacts the observations from
high-frequency microwave channel (90 GHz).

Comparison of the MWR observed data with the radiative
transfer model — using the LWP and PWYV corrections for ice
— for the JJA season from 2010 through 2013 for LWP of
less than 40 gm~2 in the 23.84 and 31.40 GHz channels are
insensitive with respect to the integrated reflectivity (as seen
in Fig. 4b and d). This correction is successful in removing
the high (low) LWP (PWV) incorporated from the ice signal,
as the 31.40 GHz channel comparison shows no dependence
on moderate values of ZparH. With this successful evaluation
of the ice-influenced LWP and PWV, we can rerun the model
on the other channels and characterize the signature from the
ice hydrometeors because e wp and epwy are frequency in-
dependent.

5 Observed brightness temperature differences
from ice

We present the LWP and PWV corrected results for
the 23.84, 31.40, 90, and 150 GHz channels. The lower-
frequency MWR channels exhibit insensitivity to the ice
(Fig. 4b and d), while the higher-frequency MWR channels
exhibit enhanced BTs when ice is present (Fig. 5). Addi-
tionally, we present data from a co-located 225 GHz MWR,
which exhibits even larger BT differences with respect to the
ice. Finally, we recast the results from these five MWR chan-
nels and compare them to each other. We also show prelim-
inary results from a simple radiative transfer simulation as a
first-order comparison of modeled results against the MWR
observed ice signature enhanced BTs in the 90, 150, and
225 GHz channels.
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Figure 5. Brightness temperature differences between the MWRHF and the MWRHF-225 observations and the modeled gas and liquid
contributions after implementing the LWP correction for ice for the 90, 150, and 225 GHz channels. The count histogram is binned logarith-
mically in ZpaTy and linearly in ATy, shown as percentage of total observation count per bin (same as Fig. 2). The high-frequency channels
show a dependence of the difference in brightness temperature and the ZparH from the MMCR - thus, indicating an increasing brightness
temperature in these channels with increasing total ice amount in the column. Additionally, the sensitivity to the ice signature increases as
a function of higher frequency. The ZpaTy value where the ice signature BT enhancement begins is lower in the 150 versus the 90 GHz
channel (b, c, respectively) and lowest in the 225 GHz (c). We note that there is a clear-sky bias in all three channels, but the magnitude of
this bias is smaller than the radiometric uncertainty of the HFMWR observations. We are unable at this time to determine if this bias is due

to calibration uncertainty in the radiometer or the result of forward model error.

5.1 Brightness temperature differences with corrected
LWP and PWV

All data presented are events in JJA with LWP of less than
40gm~2. The measured MWR observations are compared
to the radiative transfer model including the LWP and PWV
corrections for ice. The results for the lower-frequency chan-
nels, shown in Fig. 4b and d, no longer depend on the ZpatH
— they should be insensitive to ice for most Zpary. In the
high-frequency channels, 90 and 150 GHz, there is clear re-
lationship between BT difference and Zpary indicative of ice
enhanced BTs (Fig. 5a and b). At the highest observed ZparH
values (about 10° mm® m=2), BTs are enhanced anywhere
from 3 to 7K in the 90 GHz channel and 10 to 30K in the
150 GHz channel.

5.2 Brightness temperature differences at 225 GHz

Co-located with the ICECAPS measurements is the ASIAA
a very high-frequency MWRHF-225, which allows us to ex-
tend this study to include a 225 GHz channel. As the effect
of ice on this frequency from ground observations has not
yet been explored, the observed ice effect in the 225 GHz
channel is a new application of this instrument. As expected,
the 225 GHz exhibits a large BT enhancement due to ice
(Fig. 5¢). The MWRHF-225 was deployed in mid-2011, so
the data set is somewhat smaller than the ICECAPS data
set already described. In addition, the MWRHF-225 does
have slightly different time coverage (e.g., the instrument
downtime and QC flags are disjoint from the HATPRO and
MWRHF). The data set with all five MWR channels cov-
ers only the union where all instruments collected good data.
At the highest Zparn values within the combined data sets
in JJA from 2011 to 2013, the 225 GHz has enhanced BTs of
up to 50 K at the highest Zpath. The 225 GHz results continue
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the trend seen in the other high-frequency channels (150 and
90 GHz): the ZparH Value above which the BT enhancement
occurs appears to decrease as the MWR frequency increases,
implying increased sensitivity to the ice (Fig. 5).

5.3 Multi-frequency comparison of brightness
temperatures differences

By plotting the difference in the observed minus calculated
BTs in the MWR channels as a function of each other, one
may gain insight about the spectral character of the ice sig-
nature in the microwave. Figure 6 depicts the BT difference
of four of the MWR channels with respect to that of the
90 GHz: 23.84, 31.40, 150, and 225 GHz. Additionally, the
binned values of the BT differences are colored by logarithm
of the average Zpary within the bin, thus providing a visual
reference for the relative ice amount.

In the top of Fig. 6 (panels a and b), the 23.84 and
31.40 GHz BT differences are plotted and binned on the
y axis versus the values for the 90 GHz. Though the ZpatH
values increase as a function of the difference in BT in the
90 GHz, both the 23.84 and 31.40 GHz have the same ZpaTH
values throughout most cases (i.e., the Zpaty is neutral in
the y axis for all but the highest ZparH), which is expected
as the lower-frequency channels are comparatively insensi-
tive to the ice. However, in panel c of Fig. 6, the observed
enhanced BT at 150 GHz is plotted versus the 90 GHz and
there is an approximately linear relationship between the ice
effects at the two frequencies — with a slope of about 4 K BT
difference in 150 GHz for every 1K in 90 GHz. For both the
90 and 150 GHz, as the difference in the BT increases the
ZpaTH Vvalues do as well (though the 150 GHz is more sen-
sitive to the ZparH than the 90 GHz and therefore the effect
of the BT enhancement occurs at a lower Zpary value). In
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Figure 6. Multi-frequency plots of the BT difference in channels
23.84, 31.40, 150, and 225 GHz as compared to the 90 GHz chan-
nel. The binned values of BT difference are colored according to
logarithm of the average ZparH Values. In the top two panels, the
lower-frequency channels are plotted against 90 GHz (a, b) and in
the bottom two panels, the 150 and 225 GHz are plotted against the
90 GHz (c, d).

the last plot in Fig. 6 (panel d), we compare the enhanced
BT values in the 225 GHz channel to those in 90 GHz and
again have a linear relationship between the ice effects in the
two channels. Additionally, the slope of the 225 versus the
90 GHz BT differences is steeper than the 150 versus 90 GHz
— for every 1 K in 90 GHz, there is a corresponding 10 K dif-
ference in the 225 GHz. As with the 90 and 150 GHz case,
the 90 and 225 GHz multi-frequency plot shows increasing
ZppTH Values as a function of larger BT differences in both
channels.

5.4 Comparison of ice signatures observed with
scattering model results

Now that we have an estimate of the passive microwave ice
signature, we can compare it to modeled results with our SOI
framework, described in Sect. 2.3. We can find the difference
in modeled BTs in the presence of ice using SOI by running
the model twice: once including ice with contributions from
the atmospheric gases and once with only the gases. The dif-
ference between these two runs produce differences in BTs
that allow for direct comparison with our multi-frequency re-
sults (Fig. 6), and an assessment of the ice microwave optical
property models for the ice hydrometeors at Summit, Green-
land.

For a first-order ice habit study, we used the temperature-
dependent ice particle size distribution parameterization
from Field et al. (2007) (hereafter FO7) for the particle size
distribution (PSD), which is developed from airborne strati-
form ice cloud in situ measurements in the midlatitudes. Ad-
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Figure 7. SOl simulated BT differences plotted on top of the obser-
vations for the 150 versus 90 GHz and 225 versus 90 GHz channels
(a and b, respectively). In both examples, the slopes of the simula-
tions agree well with the observations.

ditionally, we used information from the Liu database of mi-
crowave single-scattering properties for three-bullet rosettes
(LR3), sectored snowflakes (LSS), and dendrites (LDS) for
ice habit characteristics (Liu, 2008; note that these are the
same ice habits used in the K10 study). The PSD, ice habit,
and radar backscatter cross section information are used to
convert the MMCR reflectivity measurements to ice water
content (IWC). This IWC is then recombined with the PSD
and ice habit information and the microwave optical proper-
ties at the specific MWR frequencies, yielding the layer opti-
cal properties needed to simulate the passive MWR measure-
ments (see Kulie et al., 2010, for further details). The SOI
model uses these layer optical properties to calculate BTs at
MWR frequencies. Finally, the emissivity of the snow sur-
face is assumed to be 0.6, consistent with Yan et al. (2008)
based on common snow surface conditions at Summit Sta-
tion.

For an initial test of the model, we generate a synthetic
1km thick ice cloud with a range in MMCR ZpaTH (103—
10° mm®m—2), inserted at 1-2 km above Summit in a tem-
perature and water vapor profile typical for summer months
at the site. We make no distinction between precipitating
ice and cloud ice in these simulations. The MMCR derived
ZpaTH is evenly distributed throughout the 1km synthetic
cloud. No liquid water cloud was included. The SOl mod-
eled ice results with respect to the multi-frequency observa-
tions are shown in Fig. 7. The modeled LDS, LSS, and LR3
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ice habits are over-plotted on the observations and show a
similar slope for both the 150 versus 90 GHz and the 225
versus 90 GHz cases (panels a and b, respectively). Though
the slope is similar, the equivalent ZpaH values for the sim-
ulations show slightly larger BT differences than those seen
in the measurements.

The small differences between the SOI model results and
the observations with regard to equivalent Zpary may stem
from the ice habit assumptions and/or the PSD used for these
initial results. First of all, we can run SOI for only a single
habit at a time and the model runs for these habits should
bound the observations if assumptions made for the PSD are
correct. The FO7 parameterization may not adequately repre-
sent PSDs at Summit as this parameterization is derived from
midlatitude flight campaign measurements of ice stratiform
clouds and may very well be not at all applicable to the arctic
(Field et al., 2005, 2007). Additionally, the FO7, parameter-
ization assumes a particle mass—size relationship appropri-
ate for aggregated ice particles, while non-aggregated, pris-
tine ice crystals are commonly observed at Summit (Shupe et
al., 2013). Furthermore, the temperatures observed in the FO7
parameterization are much higher than those at Summit and
therefore the growth mechanisms of the ice hydrometeors in
this PSD may be different than those in the Arctic. Future
work will explore other PSDs and particle size relationships,
which will aid our understanding of the ice habits at Sum-
mit. A recent installation of a Multi-Angle Snowflake Cam-
era (MASC; Garrett et al., 2012) to ICECAPS will gather
more information on ice habits.

5.5 Future work on the LWP and PWYV estimate in the
presence of ice

The above results are based on our first-order assessment of
the ice-influenced LWP and PWV biases. Our current cor-
rection is defined in terms of the three-channel MWRRET
retrieved LWP. As noted in Sect. 2.1.2, this retrieval is used
for this study as it is more sensitive to and has better pre-
cision for low LWPs. One possible BT correction can be
estimated by examining specific “dry snow” cases (i.e., ex-
tremely low LWP and high ZpatH), and by using the re-
sults from the present analysis. Additionally, we can com-
pare these “dry snow” cases with independent LWP measure-
ments using the mixed-phase cloud property retrieval algo-
rithm (MIXCRA,; Turner, 2007). By using the TKC15 liquid
water absorption model in MWRRET, which is more spec-
trally accurate at cloud liquid water temperatures below 0 °C,
we were able to recover many high ZpatH cases that we
found were previously discarded using the Liebe91 model.
We believe that using TKC15 over the Liebe91 model re-
duced some of the small bias errors in our method and is a
more appropriate choice for modeling cloud liquid water at
Summit. Ultimately, the goal would be to create a coincident,
multi-instrument retrieval of the LWP, PWV, and IWP under
all atmospheric conditions.
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6 Conclusions

This study first examined cloud and precipitation statistics
derived from the MMCR and partitioned the data with a spec-
ified LWP derived from the MWR. By limiting our study to
low LWP (less than 40 gm~2), we identify likely precipitat-
ing cases and then compared MWR BT observations against
modeled BT contributions from gas and liquid components.
This comparison enabled us to isolate a signature from the
precipitating ice in the high-frequency MWR channels. The
enhanced BT at the 90, 150, and 225 GHz is the ice signature
for the majority of precipitating cases at Summit Station for
the summer seasons of 2010-2013.

We identified a bias in the current MWRRET retrieved
LWP and PWYV caused by the ice signature and utilization of
23.84, 31.40, and 90 GHz channels as part of this study, and
developed and applied a first-order correction (described in
Sect. 4). The bias correction to the three-channel retrieval is
not the focus of this study, but had to be addressed to quan-
tify the ice signature in at microwave frequencies. Overall,
the LWP and PWV bias due to ice occurs in a small frac-
tion of the total data, and is relatively small in magnitude.
For example, the high Zpary (> 10*mm®m—2) cases ac-
counts for fewer than 2% of all available Summit MMCR
data (4 % if limited to JJA), and the LWP and PWV adjust-
ments are —1.3g m~2 and 0.044 cm, respectively, for Zpath
of 10* mm® m—2. Thus, the impact of the LWP bias on sea-
sonal statistics will be minimal. However, an accurate LWP
retrieval in the presence of ice is important for precipitation
specific cases. In addition, the small number of high Zpath
cases represent the heaviest snowfalls and thus are important
for capturing the annual snowfall (Castellani et al., 2015).

The multi-frequency relationships in the high-frequency
MWR channels, illustrated in our results in Sect. 5.3, show a
linear relationship between the 90 GHz channel versus both
the 150 and 225 GHz channels and increasing ZpatH values
as a function of larger BT differences in each case. The initial
SOI model runs for a synthetic ice cloud agree well with the
observations, in both the relative slope and in Zpary magni-
tude. These results can also act as a starting point to a more
rigorous LWP and PWV correction as described in Sect. 5.5.
In future work, it may be possible to combine the MWRRET
algorithm with data from the MMCR to create a robust joint
retrieval of the LWP and the microwave ice signature. This
will recover data at the large Zpaty Vvalues and should lead
to unbiased retrievals of LWP and PWV directly. Ultimately,
a joint retrieval of LWP, PWV, and ice water path (IWP) is
desired.

To accurately retrieve IWP from the measured ice signa-
ture, we need accurate descriptions of the ice habit, surface
temperature and emissivity, and ice PSDs more representa-
tive of conditions at Summit. For future work, we hope to
employ a PSD with a better fit to the Summit conditions and
eventually have ICECAPS instrumentation capable of mea-
suring a PSD in situ. The measured ice signature technique
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outlined in this work is a novel approach to better understand
ice hydrometeors and could prove to be a powerful tool in
future ground and remote sensing applications.
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