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Abstract: This paper explores the capability of high frequency microwave measurements at vertical
and horizontal polarizations in detecting snowfall over land. Surface in-situ meteorological data
were collected over Conterminous US during two winter seasons in 2014-2015 and 2015-2016.
Statistical analysis of the in-situ data, matched with Global Precipitation Measurement (GPM)
Microwave Imager (GMI) measurements on board NASA/JAXA Core Observatory, showed that the
polarization difference at 166 GHz had the highest correlation to measured snowfall rate compared to
the single channel high frequency measurements and the polarization difference at 89 GHz. A logistic
regression model applied to the match-up data, using the polarization difference at 166 and 89 GHz
as predictors, yielded an overall snowfall classification rate of 69.0%, with the largest contribution
coming from the polarization difference at 166 GHz. Logistic regression using the four single channels
as predictors (at 89 and 166 GHz, horizontal and vertical polarizations) further indicated that the
horizontal polarization at 166 GHz was the most important contributor. An overall classification
rate of 73% was achieved by including the 183.31 + 3 GHz and 183.31 + 7 GHz vertical polarization
channels in the final logistic regression model. Evaluation of the final algorithm demonstrated skill in
snowfall detection of two significant events.

Keywords: snowfall; passive microwave satellite remote sensing; high frequency polarization
difference; in-situ station measurements; logistic regression.

1. Introduction

Satellite snowfall estimation continues to receive considerable attention. Numerous investigations
carried out over the last two decades have demonstrated the snowfall detection capability of high
frequency passive microwave measurements in the water vapor absorption bands [1-9]. They have
brought new light on the physical mechanisms contributing to the retrieval of atmospheric snowfall
against the background of non-precipitating clouds and the land surface. Pioneering studies of [2—4]
introduced viable statistical retrieval methods based on the Advanced Microwave Sounding Unit
(AMSU) using the combination of the oxygen absorption channel at 53.6 GHz with the water vapor
absorption channels near 183 GHz. They explained that for relatively warm atmospheres (using
53.6 GHz as a temperature proxy), the snowfall scattering signal near 183 GHz can be extracted while
minimizing the surface effects from the snowpack or the snow-free land surface underneath. The ice
particles within seasonal snowpacks scatter radiation most efficiently at lower microwave frequencies
in the atmospheric window channels (at 89 GHz and below), so the snowpack effects are minimized by
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using the higher frequency opaque channels. Previous studies [10-12] discovered that in addition to
scattering, precipitating clouds exhibit an emissive behavior, i.e., the brightness temperature increases
compared to the background (non-precipitating clouds or cloud free scenes) and that this response
occurs more frequently in colder weather. Based on this finding, they extended snowfall detection to
colder snowfall conditions (down to —15.0 °C) from the Advanced Technology Microwave Sounder
(ATMS) high frequency measurements by application of a two-regime logistic regression algorithm.

The studies referenced above focused on the snowfall detection capability of high frequency
mixed polarization measurements from satellite scanning instruments. Other studies, e.g., [13-17]
have shown that dual polarization high frequency measurements from space borne conical scanning
instruments respond to snowfall. The Special Sensor Microwave Imager/Sounder (SSMI/S) instrument
on board Defense Meteorological Satellite Program (DMSP) satellites provides vertical and horizontal
polarization measurements up to 89 GHz and the Global Precipitation Measurement (GPM) Microwave
Imager (GMI) up to 166 GHz.

Few studies have explored the sensitivity of the high frequency polarization differences to snowfall.
Panegrossi et al. [14] were the first to focus on the sensitivity of GMI 166 GHz polarization difference
by performing detailed analysis of the factors influencing it and their relation to snowfall. They found
that over land the 166 GHz polarization difference, defined as the brightness temperature difference
between the vertical and horizontal polarization measurements at 166 GHz, responds to moderate and
heavy snowfall events in sufficiently moist atmospheres, whereas its utility degrades significantly in
dry conditions. Analyzing four years of GMI data collocated with airborne radar measurements [15]
found that optically thick clouds are associated with a positive polarization difference at 166 GHz.
The physical mechanism for the observed sensitivity was attributed to the horizontally polarized ice
crystals of the snow layer, which scatter more radiation in the horizontal than the vertical direction.
The study suggests that clouds with this microphysical property are pervasive in mid and high latitude
regions. Performing Radiative Transfer (RT) simulations of snow layers with horizontally oriented ice
particles embedded into a representative variety of atmospheric conditions, Ref. [17] concludes that the
polarization difference at 150 GHz is sensitive to light to moderate snowfall and therefore potentially
useful for snowfall retrieval.

One important question that remains unanswered concerns whether these two indices,
i.e., the vertical and horizontal polarization brightness temperature difference at 89 and 166 GHz, not
available in AMSU or ATMS, are useful predictors of snowfall detection. Ref. [13,16] demonstrate
the predictive utility of the single channel measurements for snowfall detection, but the polarization
differences at 89 and/or 166 GHz were not investigated. The work presented here aims to contribute to
the exploration of the utility of GMI high frequency measurements for snowfall detection, with a special
emphasis on the polarization difference at 89 and 166 GHz. The science question that this study seeks
to answer is the following: What is the relative contribution and the statistical significance of the
89 GHz and 166 GHz polarization difference indices (as compared to single channels) as predictors in
the modelling of snowfall detection over land? This investigation fills an existing research gap and is
distinct compared to other GMI assessments in several aspects. First, quantitative assessment and
modelling of snowfall detection from GMI is carried out using independent surface meteorological
data as ground truth collected over the Conterminous US during two winter seasons in 20142015
and 2015-2016. To our knowledge, matched satellite datasets for snowfall detection and validation
studies are radar-based. Second, this is the only study that directly explores the contribution and the
utility of the polarization difference at 89 and 166 GHz as predictors in snowfall detection algorithms
for large scale monitoring. Third, demonstration of GMI snowfall detection capability is carried
out in a semi-operational environment at NOAA. Retrieval examples are provided and assessed
qualitatively using precipitation and snow information obtained from radar precipitation and NOAA’s
snow monitoring products.

The paper is structured as follows. Section 2 provides a description of the data: satellite GMI, in-situ
weather data, and the collocation methodology with GMI measurements, and ancillary imagery data for
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qualitative assessment of the selected algorithm. Section 3 describes the method of investigation which
includes two separate but related analyses: statistical assessment of GMI polarization difference at 89
and 166 GHz and the modelling of the probability of snowfall from GMI high frequency measurements.
Section 4 presents the results of the statistical analysis and logistic regression modelling, followed by
qualitative assessment of the selected logistic regression model for two significant snowfall events over
continental US. Section 5 provides a discussion of the results, followed by conclusions in Section 6.

2. Data

2.1. GMI Instrument

The GMI instrument on board NASA/JAXA GPM Core Observatory flies at an altitude of 407 km,
scans the earth with an incidence angle of 52.8° and represents a swath of 885 km on the Earth’s
surface. GMI has 13 channels, of which 10 are dual polarization window channels from 10 GHz to
166 GHz, and three single-polarization water vapor absorption channels (one at 23.8 GHz and two
at 183.3 + 3 GHz and 183.3 + 7 GHz). The channel spatial resolution ranges from 19 km x 32 km at
10 GHz to 4.4 km x 7.2 km at 89 GHz and above.

2.2. In-Situ Weather Data and Collocation with GMI Measurements

In-situ weather data were collected over CONUS US during the 2014-2015 and 2015-2016 winter
seasons and collocated with PMW collected from GMI. Described below is a brief description of the
matching methodology. Additional details are provided in [10,11].

In-situ hourly weather data from approximately 1600 US locations were obtained from the Quality
Controlled Local Climatology Data (QCLCD) product distributed by NOAA'’s National Centers for
Environmental Information (NCEI, www.ncei.noaa.gov). The data included measurements of 2-m
surface temperature, wet bulb temperature, pressure, relative humidity, and present weather. Reported
in this dataset is also hourly snowfall accumulation in liquid water equivalent. This measurement is
made by melting the snow that has fallen in the precipitation gauge and measuring the liquid, as is
done for rainfall.

The GMI satellite footprint was matched to the closest in time and space station observation using
a time window of 30 min and a maximum separation distance of 10 km, with the satellite time following
station time. Two matching GMI-station datasets were compiled: a snowfall dataset and a no-snowfall
dataset. A matching case was classified as “snowfall” when the present weather indicated snowfall at
station observation time. A matching case was classified as “no-snowfall” when the present weather at
station observation time was neither snowfall nor rain, and the liquid water equivalent measured at
the station was zero. Similar to snowfall cases, rain cases in the surface weather reports were identified
based on their present weather rain indicator and once identified, were removed from consideration
in the dataset. The removal of rain was chosen to not “compromise” the training of the algorithm
and the analysis of snowfall signatures with those of rain signatures. In addition, at NOAA/NESDIS,
satellite rain estimation is performed using a different retrieval scheme and algorithm.

The end result of the matching process yielded a dataset of about 15,000 cases with 40% snowfall
and 60% no-snowfall. Further inspection of the matched snowfall dataset revealed that a large fraction
of the cases were associated with very light snowfall, flagged in the surface weather reports as “trace”.
These cases were retained in the snowfall training sample as consistent with the common occurrence
of light snowfall. In addition, the minimum measured and reported liquid water equivalent rate of
0.25 mm hr~! was assigned to “trace” snowfall cases for quantitative analysis.

2.3. Ancillary Data for Qualitative Assessment of GMI Snowfall Detection Algorithm

Imagery from radar, in-situ and snow cover observations was collected to monitor two major
snowfall events hitting Continental US on 4 January and 31 December 2018. Both events were not
sampled for quantitative analysis and the training of the algorithm.
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The imagery data were used to qualitatively assess the utility of GMI-based retrieval of snowfall.
Next Generation Radar (NEXRAD) mosaic imagery of base reflectivity [18] was used to track
close-in-time storm movement and inter-compare it with GMI snowfall retrieval maps. Since base
reflectivity measurements do not estimate precipitation type (rain versus snowfall), they were combined
with information about snow on the ground obtained from NOAA’s Integrated Multisensor Snow and
Ice Mapping System (IMS; [19]) and forecast frozen precipitation obtained from an operational snow
data assimilation system called SNODAS, generated at NOAA’s National Operational Hydrologic
Remote Sensing Center ([20]; https://www.nohrsc.noaa.gov/nsa/). In addition, STAGE IV radar and
gauge combined precipitation data produced at NOAA’s National Centers for Environmental Prediction
(NCEP) were also utilized for visual assessment of accumulated precipitation [21].

3. Methods

Based on the experience with ground-based assessment for ATMS instrument ([10-12]), prior to
being used for analysis and modelling, the in-situ GMI dataset was filtered with respect to surface
relative humidity: all cases with relative humidity below 60% were removed as, based on previous
analysis, snowfall is unlikely. In addition, cases with 2-m surface temperatures colder than about
—15 °C were removed due to under-sampling of snowfall cases as well as diminished information
content about snowfall in these conditions.

The collocated and filtered in-situ GMI satellite dataset was used in two separate but related
investigations: first, to examine the statistical significance of the polarization difference at 89 and
166 GHz, and second, to explore the capability of these indices in combination with the single channel
high frequency microwave measurements in snowfall detection.

The snowfall detection capability of GMI high frequency measurements and the polarization
difference at 89 and 166 GHz was explored using logistic regression technique to model the probability
of snowfall. The probability of snowfall is expressed with the binary logistic regression equation of
the form:

Ln(P/(1 - P))=a9g+ay X TBl +ay X TB2+ ... a, X TBn @D

where P is probability of snowfall, TBs denote GMI brightness temperatures or polarization brightness
temperature differences as predictors. The set of the regression coefficients a; (i = 1,n) in Equation (1) is
estimated by application of maximum likelihood (ML) method. The probability of snowfall P is then
computed from a simple transformation to Equation (1):

P = Exp(B)/(1 + Exp(B)) @)

where B is the expression on the right side of Equation (1). Finally, based on a selected threshold
probability value, the probabilities calculated from Equations (1) and (2) are used to classify a case as
snowfall or no-snowfall: when the predicted probability is above or equal to the selected threshold,
the case is classified as “snowfall”, and when the predicted probability is below the threshold, the case
is classified as “no-snowfall”. The threshold probability is selected such that the overall correct
classification rate, defined as the fraction of the observed snowfall and no-snowfall cases correctly
classified is at a maximum.

Opverall classification rate is used as metric to inter-compare model performances. The performance
of the final selected model was assessed using additional metrics: the probability of snowfall detection
(POD), defined as the fraction of correct snowfall cases predicted, the false alarm rate (FAR), defined as
the fraction of no-snowfall cases (relative to the number of snowfall cases) misclassified as snowfall,
and the Heidke Skill Score (HSS; [22]). In addition, results of statistical significance tests are also
presented. Note that the estimated regression coefficients in Equation (1) and therefore the predicted
probabilities using Equation (2), as well as the significance test results are not impacted by the selection
of the threshold probability value.
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4. Results

4.1. Polarization Difference at 89 and 166 GHz

Inspection of the brightness temperature variations in the matched dataset revealed that GMI
spectral signature of cases close to the coast had a distinct pattern characteristic of water surfaces: alarge
brightness temperature difference between vertical and horizontal polarization at the window channels
and an increasing brightness temperature with increasing frequency. Figure 1 displays the scatter plot
between the difference in the brightness temperature at 23 GHz and 89 GHz (vertical polarization,
denoted as “TB23-TB89”) and the difference in vertical and horizontal brightness temperature at
89 GHz (denoted as DiffTB89). Negative values for the spectral gradient TB23-TB89 are associated with
large positive values in DiffTB89. The map of diffTB89 over the continental US (not shown) confirmed
that the largest values occur mostly over coastal areas. The same pattern holds for the polarization
difference at 166 GHz. Most of the coastal matchup cases were filtered out by empirically using simple
threshold values: a minimum of —20.0 for TB23-TB29 and a maximum of 20.0 for diffTB89.
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Figure 1. Scatterplot between the difference in Global Precipitation Measurement (GPM) Microwave
Imager (GMI) brightness temperature at 23 GHz and 89 GHz (TB23-TB89) and the vertical and horizontal
polarization brightness temperature difference at 89 GHz (DiffTB89).

Table 1 presents the partial correlations over land among brightness temperatures at 89 GHz and
above and the measured hourly surface snowfall accumulation (in liquid water equivalent, denoted as
“SFR”) for the snowfall sample. Partial correlations were computed controlling for surface temperature
and humidity. Note the negative correlations between SFR and the brightness temperature (TB) at
GMI water vapor absorption channels (TB166, TB183.31 + 7 GHz or TB176, and TB183.31 + 3 GHz
or TB180), which are statistically significant (p-value < 0.01), suggesting the presence of a scattering
signal to snowfall sized ice particles. Interestingly, the vertical and horizontal polarization brightness
temperature difference at 166 GHz (denoted as “diffTB166”) has the highest correlation with SFR.
Similarly, diff89 has higher correlation (statistically significant, p-value < 0.01) with SFR than the single
channel brightness temperatures at 89 GHz, but lower than that of diffTB166.
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Table 1. Partial correlation coefficients over land among GMI brightness temperature measurements and
station measured snowfall rate (SFR). For the variable names, “TB” denotes the brightness temperature,
“H” and “V” denote vertical and horizontal polarizations, and the numbers denote the channel center

frequency. “diff” refers to the vertical and horizontal brightness temperature difference at a specific

frequency. Control variables are the measured surface temperature and relative humidity.

diffTB166 TB166V

TB166H

difTB89

diffTB166 1.00

-0.69

-0.79

0.59

1.00

0.99

-0.36

0.99

1.00

-0.43

0.43

0.45

-0.08

0.84

0.86

-0.24

-0.18

-0.21

0.07

0.75

0.71

-0.27

0.77

0.75

-0.49

TB166V -0.69
TB166H -0.79
TB180V* -0.40
TB176V** -0.69
SFR 0.24
TB89V -0.36
TB8YH -0.47
difTB89 0.59

-0.36

-0.43

1.00

* TB180V denotes brightness temperature at 183.31 + 3 GHz with vertical polarization. ** TB176V denotes brightness

temperature at 183.31 + 7 GHz with vertical polarization.

The response of diffTB166 and diffTB89 to snowfall occurrence was examined by comparing
their distributions between the snowfall and no-snowfall samples. Figure 2 displays the boxplot
for diffTB166 and diffTB89: minimum, 25th percentile, median, 75th percentile, and the maximum.
The mean value is also shown. Snowfall is associated with a larger sample mean and median for
diffTB166 than no-snowfall, as the boxplots show. On the other hand, the mean and median for

diffTB89 are close.
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Figure 2. Boxplot of summary statistics—minimum, 25th percentile, median, mean, 75th percentile

and maximum—for GMI vertical and horizontal polarization brightness temperature difference at (a)
166 GHz (DiffTB166) and (b) 89 GHz (DiffTBTB89) for the snowfall and no-snowfall sample. The green

line indicates the mean value and the red line indicates the median value.
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4.2. Logistic Regression Modeling

Table 2 through Table 7 present logistic regression modelling results obtained using IBM’s SPSS
software with diffTB89 and diffTB166 as predictors (Tables 2 and 3); single channel TB at 89 GHz and
166 GHz, horizontal and vertical polarization, as predictors (Tables 4 and 5); and the final selected model
with the statistically significant channel TBs (p-value < 0.01) as predictors (Tables 6 and 7). For the final
model, all the single channel TBs at 89 GHz and above and diffTB89 and diffTB166 were considered.
For all the models considered, performance statistics reported was computed based on a threshold
probability of 0.5, established as the value which yielded maximum overall classification rate.

Modelling results for diffTB89 and diffTB166 indicate statistical significance for each (Table 2,
p-value < 0.01), and an overall classification rate of 69.0%, with the largest contribution (at 66.5%)
coming from diffTB166 (Table 3).

Logistic regression of the four single channels as predictors (at 89 and 166 GHz, horizontal and
vertical polarizations) indicate statistical significance for each channel (Tables 4 and 5). Interestingly,
the horizontal polarization at 166 GHz is the most important contributor to overall classification rate
(at 61.5% out of 68.5%, Table 5). Also, the overall classification rate for the single channel model is
slightly smaller than for the model with polarization differences as predictors.

Table 2. Logistic regression model coefficients and statistics for the vertical and horizontal polarization
brightness temperature difference at GMI 166 GHz (DiffTB166) and 89 GHz (DiffT'B89) as predictors.
“B” indicates the partial regression coefficient, “SE” indicates the standard error and “Wald” indicates
the observed Wald test statistic.

Predictors B SE Wald p-Value
DiffTB166 0.393 0.012 1145.124 <0.01
DiffTB89 -0.264 0.011 536.571 <0.01
Intercept —-0.406 0.042 91.708 <0.01

Table 3. Forward stepwise logistic regression model performances for diffTB166 (step 1) and diddTB166
and diffTB89 (step 2) as predictors. Each step shows results from the logistic regression model
with a new additional predictor variable. “df” indicates the degrees of freedom, “Chi-square”
represents the observed Chi-square test statistic value, and “Correct Class” represents the correct
overall classification rate.

Improvement Model
Step : : Correct Class % Variable
Chi-Square df p-Value. Chi-Square df p-Value.
1 912.81 1 <0.01 912.81 1 <0.01 66.50% IN: diffTB166
2 636.473 1 <0.01 1549.283 2 <0.01 68.90% IN: difTB89

Table 4. Logistic regression model coefficients and statistics for single channel brightness temperature
measurements, vertical and horizontal polarization, at 166 GHz (TB166 V and TB166H) and 89 GHz
(TB89V and TB89H) as predictors. “B” indicates the partial regression coefficients, “SE” indicates the
standard error, and “Wald” indicates the observed Wald test statistic.

Predictors B SE Wald p-Value
TB166V 0.331 0.017 398.942 0.00
TB166H —-0.357 0.014 644.903 0.00

TB89V -0.23 0.012 347.841 0.00
TB89H 0.252 0.012 468.638 0.00

Intercept 0.887 0.618 2.059 0.00
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Table 5. Forward stepwise logistic regression model significance test results and performances for
single channel brightness temperature measurements, vertical and horizontal polarization, at 166 GHz
(TB166 V and TB166H) and 89 GHz (TB89V and TB89H) as predictors. Each step shows results from
the logistic regression model with a new additional predictor variable. “df” indicates the degrees of
freedom, “Chi-square” represents the observed Chi-square test statistic value, and “Correct Class”
represents the correct overall classification rate.

Improvement Model
Step Chi-Square df p-Value Chi-Square df p-Value Correct Class % Variable
1 492.387 1 <0.01 492.387 1 <0.01 61.50% IN: TB166H
2 585.218 1 <0.01 1077.605 2 <0.01 64.10% IN: TB89H
3 139.115 1 <0.01 1216.721 3 <0.01 66.70% IN: TB166V
4 387.087 1 <0.01 1603.807 4 <0.01 68.50% IN: TB89V

Table 6. Final logistic regression model results after the stepwise selection was applied to all high
frequency channel TBs at 89 GHz and above and the vertical and horizontal brightness temperature
polarization difference at 89 (diffTB89) and 166 (diffTB166) GHz. “B” indicates the partial regression
coefficients, “SE” indicates the standard error and “Wald” indicates the observed Wald test statistic.

Predictors B SE Wald p-Value
TB180V -0.15 0.01 242.333 <0.01
TB176V -0.105 0.012 72.709 <0.01

DiffTB166 0.308 0.015 394.763 <0.01
TB166H 0.057 0.005 128.317 <0.01
diffTB89 —-0.144 0.012 134.749 <0.01
Intercept 49.56 1.858 711.76 <0.01

Table 7. Forward stepwise logistic regression model performances for the final model. Each step shows
results from the logistic regression model with a new additional predictor variable.

Improvement Model
Step - - - - Correct Class % Variable
Chi-Square df Sig. Chi-Square  df Sig.
1 2038.087 1 0 2038.087 1 0 69.40% IN: TB180V
2 138.929 1 0 2177.016 2 0 70.50% IN: diffTB166
3 294.03 1 0 2471.046 3 0 71.80% IN: difTB89
4 92.522 1 0 2563.568 4 0 72.00% IN: TB89H
5 11.814 1 0.001 2575.381 5 0 72.00% IN: TB176V
6 39.319 1 0 2614.701 6 0 72.60% IN: TB166H
7 -0.385 1 0.535 2614.315 5 0 72.60% OUT: TB89H

“df” indicates the degrees of freedom. “Chi-square” represents the observed Chi-square test statistic value, and
“Correct Class” represents the correct overall classification rate.

Stepwise logistic regression was applied to all single channels and the polarization differences at
89 GHz and 166 GHz (Tables 6 and 7). An overall classification rate of about 73% was achieved by
including the 183.31 + 3 GHz and 183.31 + 7 GHz vertical polarization channels. Note in Table 7 the
improved performance by adding DiffTB166 (step 2) and DiffTB89 (step 3) to TB80V, and the removal
of TB89 at vertical and horizontal polarization and TB166 at vertical polarization from the final model
(due to a p-value higher than 0.05).
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Table 8 presents the performance statistics of the final model: POD, FAR, Overall Classification
and HSS. Overall accuracy and HSS are at 73% (with a threshold classification probability of 0.5) and
0.48, respectively.

Table 8. Performance statistics of the final logistic regression model. POD indicates the probability
of snowfall detection, FAR indicates the probability of false alarm, and HSS indicates the Heidke
Skill Score.

POD FAR Overall HSS
57.3 13.0 72.6 0.48

4.3. Retrieval Examples and Qualitative Assessment

The snowfall detection algorithm (Table 6) was applied to GMI to compute the probability of
snowfall. To implement the algorithm, surface relative humidity information was obtained from the
NOAA'’s Global Forecast System (GFS) and used as weather filter (as explained above, scenes with
humidity below 60% were classified as no-snowing). Surface temperature was also obtained from GFS
to determine the form of precipitation (rain versus snow) and to limit retrievals down to —15.0 °C.
The probability of snowfall threshold for considering a GMI pixel as snowing or no-snowing was set
at 0.50.

To test the robustness of the algorithm, two significant snowfall events were selected with extensive
coverage over different parts of US: One event in early January 2018 that impacted eastern US and the
other event in late December 2018 over central US. Figures 3 and 4 show IMS snow cover maps and
24-h Stage IV precipitation accumulation on 4 January and 31 December 2018, respectively. The January
4 event hit a large portion of Eastern United States, depositing new snow on the ground in the south
and new snow on snow-covered areas of the Northeast. The 31 December event deposited snow over
the South-West and North-Central US and rain over Eastern US, the latter evidenced and inferred by
the presence of snow-free land from IMS maps and falling precipitation (from the Stage IV product).
Figures 5 and 6 display swaths of GMI-based retrieval of surface precipitation rate on January 4 using
NOOA'’s snowfall rate algorithm [12] applied over GMI snowfall detected areas and near-coincident
NEXRAD base reflectivity maps. Visual inspection and comparison of the maps shows detection of the
distinct features of snowfall over land (coastal and ocean scenes were removed). Figure 7 shows one
swath of the GMI-based retrieval on December 31 and near coincident NEXRAD base reflectivity map.
Note the remarkable ability of GMI in the retrieval of two near parallel elongated snowfall areas in the
upper Midwest. The massive precipitation in the South and Northeast that is shown by NEXRAD (but
not shown on GMI maps) is rainfall, as evidenced by the forecast frozen hourly precipitation from
SNODAS. These results demonstrate the skill of GMI high frequency measurements, with polarization
difference at 89 and 166 GHz among predictors, for robust snowfall detection.

Figure 3. Cont.
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(9

Figure 3. IMS snow maps on (a) 2 January and (b) 4 January 2018, respectively, and (c) NCEP Stage IV
Multi-Sensor 24 h precipitation accumulation ending 5 January 2018 12 Zulu time.

(@) (b)

Stage IV 249h Accum (mm) Ending 2015010112

(©

Figure 4. IMS snow maps on (a) 30 December 2018 and (b) 1 January 2019, respectively, and (c) NCEP
Stage IV Multi-Sensor 24 h precipitation accumulation ending 1 January 2019 12 Zulu time.
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Figure 5. (a) Retrieved GMI-based Liquid Water Snowfall Rate in mm hr™! on 4 January 2018 5:43 Zulu
time and (b) near coincident NEXRAD base reflectivity in dbZ.
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Figure 7. (a) Retrieved GMI-based Liquid Water Snowfall Rate in mm hr~! on 31 December 2018
20:36 Zulu time, (b) near coincident NEXRAD base reflectivity in dbZ, and (c) near coincident hourly
snowfall accumulation from NOAA SNODAS.

5. Discussion

This study fills an existing research gap in the exploration of the polarization difference at 166 and
89 GHz for snowfall detection. Very few studies have focused on the sensitivity of these indices to
snowfall and to our knowledge none has tested the utility of these indices as independent predictors in
snowfall detection algorithms.

Results of this study suggest that the polarization differences at 166 GHz and 89 GHz contain
unique and useful information for the retrieval of snowfall that cannot be extracted by the single
channels at these frequencies. This finding is supported by the statistical analysis of the training dataset
extending over a two-year period, logistic regression modelling investigation, and the robust retrievals
of two major snowfall events over continental US.

The positive correlation between the polarization difference at 166 GHz and station measured SFR
suggests that this index is sensitive to the intensity of snowfall, and this result is consistent with the
findings in [14,17]. As reported earlier, very light snowfall represented a large fraction of the collected
snowfall sample. Note that in [17], the polarization difference at 150 GHz was found to respond to light
to moderate snowfall, whereas in [14], the 166 GHz polarization difference was sensitive to moderate
and heavy snowfall events.

The fact that the 166 GHz polarization difference had the highest correlation of all the GMI
measurements is remarkable and suggests that the horizontally oriented ice particle structure of
snowfall is a common occurrence as concluded in [16]. Sensitivity to snowfall intensity is decreased at
89 GHz, as evidenced by a smaller but statistically significant correlation value and by the fact that
the distribution of the 89 GHz polarization difference index for the snowfall sample is close to that
of the no-snowfall sample. In contrast, the distribution of 166 GHz polarization difference index for
the snowfall sample is significantly different to that of the no-snowfall sample. Not only the snowfall
sample mean is larger than the no-snowfall sample (4.2 K versus 2.2 K) but also the variance is larger:
the standard deviation is 3.6 K for the snowfall sample and 2.2 K for the no-snowfall sample. For the
polarization difference index at 89 GHz, these statistics are very close: the mean value is equal to 4.5 K
for the snowfall sample and 4.6 K for the no-snowfall sample, and the standard deviation is equal to
2.7 K for the snowfall and no-snowfall sample.

The logistic regression modelling investigation showed that these GMI indices have substantial
prognostic capability for snowfall detection, a finding that has been overlooked, perhaps due to
the treatment of the problem of snowfall detection as a machine learning exercise. Based on the
physical understanding of the problem gained from prior studies [14,16,17], we hypothesized that
these polarization indices are sensitive to snowfall, tested them as independent predictors, and found
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that results are remarkable. They show statistical significance and an impressive overall snowfall
classification rate of 69.0%, with the largest contribution (at 66.5%) coming from the polarization
difference at 166 GHz. Logistic regression of the four single channels as predictors (at 89 and 166 GHz,
horizontal and vertical polarizations) showed that the horizontal 166 GHz channel was the most
important predictor (at 61.5% out of 68.5%).

Stepwise logistic regression applied to all single channels at 89 GHz and above and the polarization
difference at 89 and 166 GHz achieved an overall classification rate of 73%. The increased performance
was mainly due to the inclusion of the 183.31 + 3 GHz and 183.31 + 7 GHz vertical polarization
channels. Of notable interest is the improved performance of the final model when the polarization
difference at 166 GHz and 89 GHz was added to the water vapor absorption channel at 180 GHz, and
that the single channel brightness temperatures at 8 GHz and the vertical polarization brightness
temperature at 166 GHz were removed from the final model (due to being statistically non-significant
at a p-value = 0.05), but not the polarization differences.

6. Conclusions

In this study, we tested the utility of the GMI high frequency measurements at 89 GHz and above
for snowfall detection, with a focus on the polarization difference at 89 and 166 GHz. Statistical analysis
of the GMI data matched to ground truth station observations over a two-year period and qualitative
assessment of the final logistic regression algorithm showed the following:

The 166 GHz polarization difference was the most sensitive GMI high frequency measurement
to station-measured snowfall intensity. Sensitivity to snowfall intensity is decreased at 89 GHz
polarization difference but is non-the-less statistically significant.

The polarization difference at 166 GHz has substantial predictive ability, giving an overall
classification rate of 66% as a single predictor to the probability of snowfall, out of a maximum of 73%
when using the final selected logistic regression model.

Both these polarization indices are retained in the final selected model while single channel
measurements at 89 GHz and the vertical polarization at 166 GHz are removed (as non-significant),
a testament to the unique information content of these indices and their utility in snowfall
detection algorithms.

The final logistic regression algorithm showed clear skill in capturing two significant snowfall
events in a semi operational environment at NOAA/NESDIS. Future work is needed to assess the
performance of the algorithm in a wide variety of weather conditions and snowfall events before the
algorithm can be deemed generally applicable and operationally acceptable.
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