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To identify surface melt on the AIS from passive microwave radiometry, previous studies have used a

variety of statistical techniques that detect spikes in brightness temperature above a predetermined threshold,
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which are interpreted as melt events (Zwally and Fiegles, 1994; Torinesi et al., 2003; Picard et al., 2007), Typically, the ’f - [49]
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2.1 Automatic Weather Stations,

We run our melt detection technique for ten AWS and three additional dry sites. We selected these AWS, due to their hourly

melt rates from AWS-derived surface energy balance (SEB) analysis based on observed conditions (Jakobs et al., 2020). The,
hourly melt rates are converted to daily melt rates for comparison to microwave data. The three additional dry sites are
Dome C (DC; 75.10°S, 123.35°E), Point Barnola (PB; 75.70°S, 123.25°E), and Kohnen (75.00°S, 0.07°E). The locations of

all sites are shown in the map in Figure 1. These sites are found on grounded ice sheet, ice shelves, or ice rises as shown in
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Figure 1 (Jakobs et al., 2020), Our time series spans from July 2, 2012, to May 31. 2019, for all sites. However, AWS-derived

observations provide differing coverage of this time series depending on AWS location (Jakobs et al., 2020). Although we

run the Hybrid Method for all thirteensites, there is no crossoverin time of AWS-derived data for AWS 4 and 6 with the
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2.2 Advanced Microwave Scanning Radiometer 2 (AMSR-2)

LAMSR-2 is a microwave radiometer onboard Japanese satellite Global Change Observation Mission — Water Satellite 1
(GCOM-W1). This instrument provides 16 channels between 6.9 and 89 GHz. We use the 12.5 km x 12.5 km daily gridded
product of AMSR-2 (Meier et al., 2018). We use the 18.7 GHz channel, as this frequency is most sensitive to the presence of

liquid water on the surface of the Antarctic Ice Sheet. We use 18.7 GHz in the horizontal polarization (19H) for melt

detection and 18.7 GHz in the vertical polarization (19V) for grain size. Penetration depth of this frequency varies widel |3

between studies. Tikhonov et al. (2019),showed that the penetration depth of 19 GHz was a few tens of centimeters using the |

\
Special Sensor Microwave/Imager (SSM/I) passive microwave radiometer. Colliander et al. (2022) found the penetration \ \
depth at 19 GHz to be approximately 40 cm. The maximum depth of detection for this frequency was shown to be 1 to 2 m

in Picard et al. {2022a).
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We force the CFM with daily Modern-Era Retrospective analysis for Research and Applications, Version 2 (MERRA-2) e (r‘ leted: .
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approximated for the Alps. A closer approximation can be made using Picard et al. (2022¢). However, these profiles from (Formatted
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To galculate microwave grain size, we must hybridize our method to a statistically-based technique
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presented in Picard et al. (2022d). In this statistically-based technique, the mean brightness temperature

from June to September within an AMSR-2 grid cell acts as the “dry brightness temperature”. A melt

day is defined to occur when the daily brightness temperature exceeds this dry brightness temperature

by at least 20 K. This is a relatively low threshold, meaning that this technique produces many melt

days. We also compare our end results of the Hybrid Method to the statistically-based technique

introduced in Torenisi et al. (2003). Torenisi et al. (2003) describe a recursive method that involves first

calculating the annual mean brightness temperature plus N times its standard deviation (we used N = 3).

Then, they recursively remove days that exceed this threshold, recalculating the mean brightness

temperature and standard deviation each time. The third method for comparison is that of Zwally and

Fiegles (1994), where the threshold for melt is taken to be 30 K over the mean brightness temperature

within an AMSR-2 grid cell for the time series. Note that all three of these statistically-based techniques

use the horizontal polarization.

We incorporate the statistically-based technique described in Picard et al. (2022d) to determine on which days we have the

ability to calculate microwave grain sizg based on brightness temperature observed by AMSR-2, Note that we have not
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SMRT predicts brightness temperature based on input snow conditions. We employ what is termed as [“inverse radiative
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(2012), we use a lower, single frequency (18.7 GHz) and assume vertically homogenous grain size,One way to employ

inverse radiative transfer modeling s to run the radiative transfer model for a range of monotonically increasing input
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Now that we have a microwave grain size product, we can calculate brightness temperatures under the
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Melt onset for the Hybrid Method and Picard et al. (2022d) is similar (Figure 7b and 7¢). Average melt onset is 12 and 27

days later for Torinesi et al. (2003; Figure 7h) and Zwally and Fiegles (1994; Figure 7k) than the Hybrid Method

respectively. The pattern of melt onset is similar for all four methods, with earlier melt onset closer to the grounding line

(Figure 7c. f, i, and 1). This likeness is not the case for the pattern of melt end dates. While all four methods generally have

later melt end dates near the grounding line and earlier melt dates closer to the periphery of the ice shelf, the Picard et al.

(2022d) method has a pattern of later melt end dates in the southern interior portion of the ice sheet shown by the boxed

outline.

Luckily, AWS 14 and AWS 15 both fall in this area so we can compare these methods to AWS-derived data. For both sites

the Hybrid Method identifies fewer melt days than Picard et al. (2022d), which is closer to that of AWS-derived data, shown

in Figures 8a and 8c. In Figure 8a, for AWS 14, Picard et al. (2022d) indicate four additional melt days that fall from March

to May even though the final melt day according to AWS-derived data is February. For AWS 14 and 15, in Figures 8b and
8d, the additional days marked as melt by Picard et al. (2022d) fall in the beginning of the melt season. In Figures 8b and 8d.

these extra sites identified by Picard et al. (2022d) fall between our dynamic threshold and our dry snow brightness

temperature, as expected by our methodology. It is notable that, in Figure 8a, the majority of AWS-derived melt ends at the
end of January for AWS 14. However, seen in Figure 8b, AMSR-2 brightness temperatures remain elevated during first 8

days of AMSR-2 and thus is considered melt by both the Hybrid Method and Picard et al. (2022d). A similar pattern is

noticeable a week earlier in for AWS 15 in Figures 8c and 8d.

4.2 Microwave grain size

4.2.1 Comparison to MOA

JIn addition to performing melt detection, the Hybrid Method also produces microwave grain size information. In Figure 9a.

we can see that microwave grain size varies from location to location, Among these thirteen sites, lower microwave grain

sizes,are found on grounded ice sheet. Slightly higher microwave grain sizes are found on the ice shelves of Dronning Maud /

Land. Microwave grain sizes,are highest at the Antarctic Peninsula, for the Larsen B ice shelf remnant sitg and the three

Larsen C sites. We compare our microwave grain sizes td,optical grain radius from the 2013 MOA, which has a similar
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pattern to microwave grain size across the thirteen AWS (Haran et al., 2018). The Pearson correlation coefficient between

these two grain size variables is 0.88 (p < 0.01).,

The spatial pattern in optical grain radius across the Larsen C from the 2013 MOA is shown in Figure 10, at 750 m

resolution in Figure 10a and upscaled to the AMSR-2 grid in Figure 10b. There is generally higher optical grain radius from
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2013 MOA both

southward End toward the grounding line. Microwave grain size decreases gradually across the Larsen C

from lower latitudes to higher latitudes. Additionally, it has slightly lower microwave grain sizes closer to the grounding

line. The Pearson correlation coefficient between optical grain radius and microwave grain size across the Larsen C is 0.34

(z<0.01)}

4.2.2 Comparison to melt duration

In addition to optical grain radius, microwave grain size also appears to have a relationship with melt duration. In Figure

11a, we can see lower values of mean microwave correlation length on the grounded ice sheet along with lower or zero melt

duration. On Dronning Maud Land there is moderate durations of melt and moderate microwave grain sizes, and on the

Antarctic Peninsula there is higher durations of melt and higher microwave grain sizes. In Figure 11b, we can see a

relationship between microwave grain size and melt duration with a Pearson correlation coefficient of 0.94 (» < 0.01) for

these thirteen sites.

Across the Larsen C, we can see a somewhat similar spatial pattern in microwave grain size in Figure 12a to melt duration in

Figure 12b for the 2013-2014 melt season. These two values are related at a Pearson correlation coefficient of 0.56. In Figure

12¢, we consider “total threshold exceedance”; total threshold exceedance is the integrated exceedance of the AMSR-2

brightness temperatures above the Hybrid Method’s dynamic threshold. Total threshold exceedance and microwave grain

size are correlated at a Pearson correlation coefficient of 0.92 across the Larsen C.

S Discussion

5.1 Intercomparison of melt detection techniques

In this study, we developed a melt detection algorithm that is robust to temperature and density variations. In certain

scenarios, this technique can perform better than the technique to which it is hybridized. This is the case for AWS 14 and

AWS 15 on the Larsen C ice shelf during the 2013-2014 melt season. However, when considering eight AWS across

multiple melt seasons, we discovered that the Hybrid Method does not necessarily improve the agreement between melt

events determined by AWS-derived melt data and predicted by the Hybrid Method.

the presence of liquid water in snow and the brightness temperature of the 18H channel. All methods

13
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perform similarly against AWS-derived data at similar rates. Therefore, for the purposes of large-scale,

ice sheet-wide melt detection where melt volume and grain size are not of interest, we still recommend

the use of statistically-based melt detection techniques due to their computational efficiency over our

physics-based, method, Given our comparison to AWS-derived data, out of the three statistically-based .(Deleted: hybrid
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AWS-derived melt data. The Picard et al. (2022d) method performs second-best among the melt

detection techniques. In the development of this method. their goal in melt detection was “simplicity

and reproducibility” for eight sites rather than designing the most physical and robust algorithm for

meltwater detection across the AIS (Picard et al., 2022d). The fact that it generally performs well shows

that even techniques designed for simplicity can have similar performance to more advanced techniques

for melt detection.|While these techniques perform relatively well against the AWS-derived data, the Hybrid Method is

still especially important given its basis in physics. Future development, such as using 5-daily resolution for microwave

grain size, could increase computational efficiency for the Hybrid Method and allow for its use across larger areas.

Moreover, future studies could use the Hybrid Method to develop more robust statistically-based techniques that can be
readily used across the Antarctic Ice Sheet.

5.2 Limitations of the melt detection validation using AWS

A key finding is that all melt detection techniques performed relatively similarly in comparison to AWS-derived melt. There

appears to be a limit to their performance due to several factors related to how we validate melt. One factor is that AWS; J— 'CMoved (insertion) [4]
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preferentially detect melt. Differences can also result from the large footprint of the microwave

radiometer. Finally, AWS-derived melt data contain some uncertainty associated with both measurement error and model

accuracy (Jakobs et al.,[2019)). For these reasons. it is challenging to validate melt detection from microwave radiometry

using AWS-derived data. It is possible that one of the melt detection methods is truly preforming better than the others, but

that conclusion may be clouded by our comparison to AWS-derived data.

5.3 Limitations of the Hybrid Method
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work may allow for this method to be independent from statistical thresholding. For example, future
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iterative fashion. This method would then be able to identify some small or localized melt events that

are isolated in time from larger melt events that are detected by statistical thresholding.

Given that CFM can be run across the Antarctic Ice Sheet, the Hybrid Method could be run for ice sheet-wide studies as

well. However, a limitation of the Hybrid Method is its computational efficiency. Inverting SMRT to calculate microwave

grain size takes several iterations and is highly computationally expensive. Running the Hybrid Method on an ice sheet-wide

scale would require careful consideration of computational resources. A small change to somewhat improve speed would be

implementing the Brent method instead of the Secant method during our inversion to calculate microwave grain size (Brent

1973).

Other limitations of the Hybrid Method include uncertainty related to modeling brightness temperature for snow densities

over 450 kg m™. A potential improvement could be made by using the Strong Contrast Expansion (SCE) instead of using a

modifying version of IBA (Picard et al. 2022b). However, the melt detection technique forces dry snow brightness

temperature to AMSR-2, which reduces error propagated from either firn modeling or radiative transfer modeling.
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780 Figure 1: The thirteen AIS point locations that are used in this study. Sites on grounded ice sheet are red, sites on ice
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Figure 10: Larsen C (a) MODIS Mosaic of Antarctica (MOA; 2013) optical grain size (r,x) (Haran et al., 2018). (b)
MOA optical grain size (roy) re-gridded to 12.5 km x 12.5 km (Haran et al., 2018). (¢) Microwave grain size (Luw)
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Scatter plot of melt duration and microwave grain size (Lyw). (¢) Scatter plot of total threshold exceedance and 1 0.2 i ATy b
P35 microwave grain size (Lyw).,
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Figure 9: Correlation length for all sites colored by the
percentage of the days in the time series that are assigned melt
using (a) the 1I8H AMSR-2 channel and (b) the 18V AMSR-2
channel. §
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does it change for different years? Consider, "the threshold is temporally constant" or something like that.
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make sure to differentiate how this varies from brightness temperature. Actually, since your paper is about
brightness temperature, you may want to give a more detailed definition of it.
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Did you want to add “because density is simulated by the CFM.” Up to you.
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feels here like you leave the reader hanging - you present a problem with the method, but then the next paragraph

strays slightly and does not address how you are addressing that problem.
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8/5/23

following up on my previous comment - this paragraph is also pointing to the same problem more or less, so I think

just a bit of restructuring of these two paragraphs will help clarify and make it flow a bit smoother.
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