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Abstract: Due to a lack of observations, relatively large discrepancies exist between precipitation
products over the Southern Ocean. In this manuscript, surface hourly precipitation observations
from Macquarie Island (54.62° S, 158.85° E) are analysed (1998-2016) to reveal a diurnal cycle.
The precipitation rate is at a maximum during night/early morning and a minimum in the afternoon
at Macquarie Island station. Seasonally, the diurnal cycle is strongest in summer and negligible
over winter. Such a cycle is consistent with precipitation arising from marine boundary layer
clouds, suggesting that such clouds are making a substantial contribution to total precipitation over
Macquarie Island and the Southern Ocean. Using twice daily upper air soundings (1995-2011),
lower troposphere stability parameters show a stronger inversion at night, again consistent with
precipitation arising from marine boundary layer clouds. The ERA-Interim precipitation is dominated
by a 12 hourly cycle, year around, which is likely to be a consequence of the twice-daily initialisation.
The implication of a diurnal cycle in boundary layer clouds over the Southern Ocean to derived
A-Train satellite precipitation products is also discussed.

Keywords: precipitation; diurnal cycle; Southern Ocean; Macquarie Island; marine boundary layer
clouds

1. Introduction

Zonally averaged, the Southern Ocean (SO) has the greatest fractional cloud cover, e.g., [1], and
frequency of precipitation on Earth [2,3]. These clouds are a fundamental component of the regional
energy budget, which is known to have large biases in reanalysis products and climate simulations,
e.g., [4]. The precipitation, correspondingly, is a major component of the water budget over the SO and
has large uncertainties [2,3]. The precipitation uncertainty over the SO can be broken into frequency,
intensity, e.g., [5,6], and location relative to synoptic conditions, e.g., [7]. The work in [8] coupled the
daily Global Precipitation Climatology Project (GPCP) [9] precipitation product with a climatology
of fronts [10] to conclude that 70-90% of the precipitation across the SO was associated with frontal
passages. The work in [6] employed precipitation records from Macquarie Island to estimate that
only ~60% of the precipitation was associated with frontal passages. Presumably, the remaining
precipitation comes from the shallow boundary layer clouds commonly found between fronts [11].

Shallow maritime atmospheric boundary layer (MABL) clouds have been studied extensively
across the globe, e.g., [12], given their fundamental importance in the Earth’s energy and water budgets.
Some of the earliest studies identified a strong diurnal cycle, e.g., [13,14] whereby the clouds were
commonly thin throughout the daytime when incoming solar radiation warms the cloud deck, and
the MABL may even decouple. At night, in the absence of solar forcing, the boundary layer can once
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again become well mixed, and the cloud deck commonly thickens with the renewed access to moisture
from the ocean surface. While a diurnal cycle in marine boundary layer clouds has commonly been
observed across the globe, e.g., [15,16], it has not been clearly identified over the SO, only above 51°S,
e.g., [17]. This is hardly surprising given the few suitable long-term observations across the region.
A diurnal cycle in the precipitation over the SO would suggest that the entire MABL, including the
clouds, may experience a diurnal cycle. Observations of the diurnal cycle would provide insight into
the nature of precipitation (frequency, intensity, and distribution) and, potentially, the clouds that
generate this precipitation (e.g., marine stratiform vs. frontal).

The presence of a diurnal cycle in precipitation would also confirm that products that employ
the A-Train observations may be diurnally biased. Fundamental research over the past decade has
identified that the fractional cloud cover, e.g., [1], cloud-top thermodynamic phase, e.g., [18-20],
and cloud droplet number concentration [21] over the SO may be subject to some unappreciated
diurnal cycle. Similarly, modelling studies that have used A-Train products for evaluation purposes,
e.g., [22-24], may also have implicit biases. Many of these authors, e.g., [21], readily recognized this
potential limitation.

Macquarie Island (54.62°S, 158.85°E; MAC) is an isolated island in the midst of the SO and
provides one of a few long-term observation records of precipitation in this region. In recent years, these
records have become quite valuable in our improving understanding of the atmospheric conditions
and trends over the SO. The work in [25] examined the trends in the surface precipitation, highlighting
a 35% increase in the annual MAC precipitation over the period from 1971 to 2008. The work in [6]
found that relatively weak precipitation (<0.5 mm h~!) was dominant at Macquarie Island, occurring
~30% of the time. Precipitation arrives predominantly from the west, southwest, and northwest
with precipitation from the southwest commonly being drizzle. Heavy precipitation, which is more
likely associated with cold fronts, contributes to more than 50% of the precipitation above 1.5 mm h~'.
The work in [7] found that the precipitation intensity unrelated to cold fronts was underestimated in
ERA-Interim reanalysis by 11%.

We employ long-term MAC precipitation observations to provide evidence of a diurnal cycle
of the surface precipitation. Surface precipitation from the the Modern-Era Retrospective Analysis
for Research and Applications and European Centre for Medium-Range Weather Forecasts (ECMWEF)
ERA-Interim reanalysis dataset is then compared with the observations to evaluate their representation
of this diurnal cycle. Further, twice daily high-resolution upper air soundings are employed to examine
the thermodynamic structure of the MABL and assess the potential relationships with the diurnal cycle
of precipitation.

2. Macquarie Island Observations and ERA-Interim Dataset
2.1. MAC Precipitation

Macquarie Island is uniquely situated in the midst of the SO (54.62° S, 158.85° E), approximately
half way between Australia and Antarctica. The island is about 34 km long and 5 km wide, primarily
north-south-oriented with a peak elevation of 410 m located at the southern part of the island [26].
A meteorological station, located at the northern end of the island (Figure 1a), has been maintained by
the Australian Antarctic Division and the Bureau of Meteorology since 1948. Standard surface hourly
precipitation observations are available from 1998. The minimum detected precipitation is 0.2 mm for
the hourly records, and values below this threshold are not measured. Our analysis period was from
1998-2016.
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Figure 1. (a) Regional map showing the location of Macquarie Island in the Southern Ocean. The inset
shows Macquarie Island (MAC) together with the approximate location of the station at the northern
part. (b) Mean diurnal cycle of precipitation (left axis, dashed lines) and anomalies (right axis, bars) for
both MAC observations and the ERA-Interim dataset, for the total precipitation.

2.2. Upper Air Soundings

The upper air dataset utilized in this analysis covered the period from 1995 through to 2011.
During this period, the upper air soundings were launched twice per day for 95% of all days,
comprising 11,610 soundings in total. Consistent with [27], the high-resolution soundings were
initially smoothed using a five-point running average to remove small scale variability. The smoothed
profiles were then interpolated onto standard pressure levels (37 pressure levels) for a comparison with
ERA-Interim. The five-point smoothing was found to have a minor impact relative to the interpolation
on to the 37 pressure levels [7]. No smoothing or interpolation was required for the ERA-Interim
profiles. Note that the MAC surface pressure may occasionally be below 1000 hPa; as such, the 1000
hPa standard pressure level within ERA-Interim was used only as a reference and where appropriate.

To analyze diurnal variations of the MABL, both the lower troposphere stability (LTS) [28] and
the estimated inversion strength (EIS) [29] were examined. Following [28], the LTS is defined as the
difference in potential temperature between 700 hPa and the surface (LTS = 6700 — 05,f)- The EIS is
defined as:

EIS = LTS — %0 (Z;0 — LCL), (1)

where '8 is the moist-adiabatic potential temperature gradient at 850 hPa; Zy is the altitude of the
700 hPa level; and LCL is the lifting condensation level, which was computed following [30]. For T520,
we used the equation given in [29], which depended on surface and 700 hPa air temperatures and the
saturation specific humidity at 850 hPa. The work in [29] introduced the EIS as a refined measure of
boundary later stability, improving LTS by taking into account T%°. Previous studies found a strong
correlation between low-level cloud fraction and the LTS and EIS in various regions across the world,
e.g., [31,32]. Even though both parameters were examined, only the EIS is presented because it was
a more physically based quantity as it accounted for the influence of the accumulated static stability
between the capping inversion and the 700 hPa level [29].

2.3. ERA-Interim Reanalysis

We also used the ERA-Interim forecast product for surface precipitation and the ERA-Interim
analysis pressure levels for the profiles [33]. The ERA-Interim precipitation forecast is available at
a 3 h temporal resolution, while variables at the pressure levels are available every 6 h. The spatial
resolution was ~0.75° x 0.75° and represented a mean precipitation amount and/or a mean profile
over a grid box. Forecasts were initialized twice a day at 0000 UTC and 1200 UTC, and the precipitation
was accumulated from the beginning of each forecast. In the ERA-Interim forecast, precipitation was
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the sum of two components: “convective” and “large scale”, which were computed separately in
the model. Convective precipitation originated solely from the parametrization of convection [34,35],
while large scale precipitation originated from the prognostic parametrization of cloud [34,36]. These
two parametrizations were linked by the detrainment of convective cloud, which was one source of
condensate in the prognostic cloud scheme.

For comparison purposes with ERA-Interim, MAC observations were accumulated into 3 h
intervals. Using typical surface wind speeds of 12-16 m s~!, a 3 h window of the observed surface
precipitation spanned ~140 km, which was on the same order of magnitude as ERA-Interim 0.75° [6,7].
Consistent with [6], we defined three categories for the precipitation records: “light” precipitation as
0.2 <P < 0.5mmh~!, “moderate” precipitation as 0.5 < P < 1.5 mm h~!, and “heavy” precipitation as
P > 1.5 mm h~!. From 2003 to 2011, MAC light, moderate, and heavy precipitation were encountered
29.7, 7.7, and 1.1% of the time, respectively [6]. The magnitude of the diurnal cycle, or diurnal
range, was simply defined as the maximum minus the minimum of the mean precipitation rate. The
presence of a diurnal cycle was only considered to be robust when the magnitude was tested to be
statistically significant at the 95% confidence level, via a Monte Carlo methodology with 10,000 random
simulations.

3. Precipitation Analysis
3.1. Climatology

For the time period of 1998-2016, the average annual precipitation was 1140 mm year~! at MAC,
and the overall probability of occurrence of 3 h surface precipitation was 34.6%. Using CloudSat
observations, the work in [6] reported a similar overall probability of occurrence of 36.4% from 2003 to
2011. We note that the positive trend in precipitation [25] continued through this period with 2015 and
2016 being the wettest years on record (1278 and 1284 mm year !, respectively).

3.2. Diurnal Cycle

Looking at the annual average, the diurnal cycle of surface precipitation over Macquarie Island
(Figure 1b) exhibited a maximum during night and/or early morning with a peak of 0.121 mm h !
before sunrise at 0500 local standard time (LST) and a minimum at 1400 LST (0.098 mm h~!). The range
of the diurnal cycle was 0.023 mm h~!, which was statistically significant at the 95% level. Figure 1b
also shows the anomalies for both MAC observations and ERA-Interim. After sunset, the mean
observed precipitation anomalies became positive and increased through the night until approximately
sunrise. During the early morning, the situation changed, and the value decreased below the daily
mean.

The ERA-Interim reanalysis also produced a peak at 0500 LST (0.130 mm h~!) and a minimum at
1400 LST (0.090 mm h~!), making a diurnal range of 0.040 mm h~!. Despite a reasonable agreement
on the timings for the minimum and maximum, ERA-Interim precipitation featured higher positive
and negative peaks than MAC. More notable, ERA-Interim produced two local maxima and minima,
demonstrating a 12 hourly cycle. We speculated that these biases in ERA-Interim might be influenced by
the twice-daily initialization of the precipitation forecasts at 0000 and 1200 UTC (1100 and 2300 h LST).

3.3. Precipitation Categories

As noted in [6], light precipitation is commonly present over the SO. Our results showed that,
from 1998 to 2016, light precipitation was recorded 28.3% and 28.8% of the time in MAC observations
and ERA-Interim, respectively. These values were consistent with the frequency of 29.7% found in
[6] from 2003 to 2011 for MAC. The magnitude of the diurnal range for MAC light precipitation was
0.007 mm h~! (Figure 2a). For moderate precipitation, the observed magnitude was 0.013 mm h~!, and
its probability of occurrence was 5.4% for MAC. The moderate precipitation diurnal cycle exhibited
similarities with the light category; however, the anomalies showed a more pronounced cycle. Both
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categories presented the minimum anomalies at 1400 LST and the maximum at 0500 LST (Figures 2a,b),
consistent with the pattern of the total precipitation (Figure 1b). The frequency of the observed heavy
precipitation was also 0.9%, consistent with [6]. The anomalies (Figure 2c) of heavy precipitation for
MAC did not show a clear cycle throughout the day. The lack of a diurnal cycle in heavy precipitation
was not surprising, as heavy precipitation events are most likely associated with large scale convections
(e.g., fronts, extratropical cyclones), which are not directly driven by diurnal forcing.
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Figure 2. Diurnal anomalies of precipitation for both MAC observations and the ERA-Interim dataset,
separated by categories: (a) light (0.2 <P < 0.5 mm h~1), (b) moderate (0.5 < P < 1.5 mm h™1), and (c)
heavy precipitation (P > 1.5 mm h~1). Tables show the frequencies of occurrence (FQ) and the diurnal
range (RG).

As discussed, the ERA-Interim total precipitation was marked by a 12 h cycle (Figure 1b),
presumably due to the forecast initialization. The decomposition of the ERA-Interim precipitation
into the three categories also showed a strong influence of the twice-daily initialization, especially for
heavy precipitation, with the largest differences at 0200 and 1400 LST (Figure 2c), where the negative
ERA-Interim anomalies were greater. The ERA-Interim precipitation could also be decomposed into
precipitation arising from the convective parameterization and that produced by the microphysical
parameterization. For both components, a 12 h cycle was observed (Figure 3). The contribution from
the large scale scheme (68%) was considerably larger than the convective scheme (32%). This dominant
contribution of the large scale scheme was consistent with the prevalence of marine stratocumulus
clouds over the Southern Hemisphere mid-latitude oceans [20,37]. This behaviour was quite different
from what was observed over the tropics, where the precipitation in models and reanalysis products
was primarily produced by the convective parameterization scheme, e.g., [38,39].

3.4. Seasonality

The diurnal cycle may be sorted by season (Figure 4). While a diurnal cycle was identifiable in
all seasons, it was most intense and longest in duration over the Austral summer (DJF), as would be
expected. Compared with the other seasons, the wintertime (JJA) diurnal cycle was relatively flat
through much of the day, and its magnitude was not statistically different at the 95% significance level
(Figure 4c). The work in [6] found that the climatological monthly precipitation at MAC peaked in
early autumn (March and April, ~100 mm month~!) and had a minimum in winter and spring of
approximately 78 mm month~!. Once again, the ERA-Interim precipitation displayed a 12 hourly cycle
for all seasons. The range of the cycle was greatest during summer, consistent with the observations.
This suggested that the ERA-Interim precipitation was sensitive to both the twice daily initialization
and the seasonality. Different from our findings, a study by [40] using a merged global precipitation
dataset derived from multi-satellite observations showed that the range of the diurnal cycle was greater
during winter over the SO; however, the winter diurnal range was underestimated by ~8 to 15%.
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Figure 3. Diurnal cycle of ERA-Interim components’ large scale and convective precipitation. Error
bars show one standard deviation.
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Figure 4. Mean diurnal cycle of precipitation (left axes, dashed lines) and anomalies (right axes, bars)
for both MAC observations and ERA-Interim dataset, for total precipitation during (a) summer (DJF),
(b) autumn (MAM), (c) winter (JJA), and (d) spring (SON).
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When the frequency of precipitation was decomposed by season (Table 1), MAC light precipitation
was slightly more frequent in winter (28.2%) than summer (26.0%). In contrast, ERA-Interim light
precipitation was more frequent in winter (31.3%) than summer (24.5%). For both observations and
ERA-Interim, the frequencies showed that heavy precipitation was more frequent in summer (1.3%
and 0.8%) than winter (0.6% and 0.2%).

Table 1. Statistics of the 3 h surface precipitation decomposed into the categories defined for MAC and
ERA-Interim, period 1998-2016. The magnitude of the diurnal range is defined as the maximum minus
the minimum of the 3 h precipitation rate, and the probability of occurrence is estimated considering
all measurements.

MAC ERA-Interim
Temporality ~ Category Prob.Oc.  Amount Range Prob. Oc. Amount Range
(%) (mmh-1) (mmh1) (%) (mmh-1) (mmh1)

Light 26.0 0.16 0.013 24.5 0.18 0.014

Summer Moderate 51 0.85 0.021 4.8 0.83 0.020
Heavy 1.3 222 0.011 0.8 2.09 0.020

Light 31.2 0.16 0.008 30.2 0.18 0.009

Autumn Moderate 6.2 0.84 0.016 5.6 0.81 0.020
Heavy 11 2.09 0.012 0.5 1.88 0.010

Light 28.2 0.16 0.004 31.3 0.18 0.013

Winter Moderate 49 0.81 0.015 43 0.76 0.009
Heavy 0.6 2.04 0.006 0.2 1.71 0.006

Light 27.7 0.16 0.012 28.9 0.17 0.015

Spring Moderate 5.2 0.82 0.020 4.8 0.78 0.017
Heavy 0.7 2.03 0.012 0.2 1.89 0.009

Light 28.3 0.16 0.007 28.7 0.18 0.013

Annual Moderate 54 0.83 0.013 49 0.80 0.015
Heavy 0.9 2.11 0.006 0.4 1.96 0.007

Total 34.6 0.11 0.023 34.0 0.11 0.040

4. MABL Stability and Inversion Strength

To examine the relationship of the MABL and the precipitation over Macquarie Island, the EIS
was calculated using the upper air sounding. Note that these MAC soundings are only available
twice-daily at approximately 0000 and 1200 UTC (1100 and 2300 h LST), and as such, they may not
be ideal for revealing the full range of a diurnal cycle. Figure 5 compares the day- and night-time
EIS statistics derived from the observations and ERA-Interim. Using the Monte Carlo methodology
to compare the annual MAC EIS statistics (Figure 5a), statistically significant differences between
day (0000 UTC, 1100 LST) and night (1200 UTC, 2300 LST) were found at the 95% confidence level.
The EIS median increased from 6.14 K (day) to 6.64 K (night), with the peak associated with the
positive precipitation anomalies. This relationship was consistent with the classic characterization
of marine stratocumulus, e.g., [12,41], where longwave radiative cooling near the cloud top at night
produces negative buoyancy and thickens the clouds, leading to the increasing production of light
and moderate precipitation throughout the night. The daytime incoming solar radiation could also
lead to cloud thinning/breaking, allowing for the transition of the cloud regime from stratocumulus at
night to broken cumulus during the day. The EIS day-night difference during summer was statistically
significant, consistent with the annual statistics. On the contrary, no significant day-night difference
was observed for the EIS during winter. Figure 5 also reveals a statistically significant night-time
contrast between summer and winter observations, with lower EIS in winter at night.
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Figure 5. Estimated inversion strength (EIS) parameter for MAC observations and ERA-Interim profiles.
(a) Annual, (b) summer (DJF), and (c) winter (JJA). The median values are shown as horizontal lines
and the mean values as triangles. Boxes indicate the interquartile range (25th to 75th percentiles) and
the whiskers extend to +-2¢ of the standard normal distribution.

The ERA-Interim EIS statistics, on the other hand, did not pick up any significant day-night or
summer-winter differences as found in the observations, which was consistent with the lack of a clear
diurnal cycle in precipitation.

5. Discussion and Conclusions

A climatology of the diurnal cycle of precipitation was produced from Macquarie Island surface
precipitation observations and the ERA-Interim reanalysis dataset. Our results revealed that the
annual magnitude of the diurnal range was 0.023 mm h~!, with a maximum during night and/or
early morning before sunrise at 0500 LST and a minimum at 1400 LST (Figure 1b). Such a diurnal cycle
was consistent with in situ observations over the oceans between 35 °S and 50 °S, where precipitation
is significantly more frequent at night [40,42]. Comparatively, over most of the tropical oceans,
precipitation peaks were found from around midnight to 0400 LST. In contrast, where land influences
were higher, such as over the North Pacific and the North Atlantic oceans, peaks were about 2-4 h
earlier [42]. The seasonal diurnal cycle of precipitation at Macquarie Island showed a strong diurnal
signal in summer (0.039 mm h~1). In contrast, such a diurnal cycle was not evident during winter.
The categorization of precipitation rates showed that light precipitation was slightly more frequent in
winter compared to other seasons, presenting 28.2% of the time, compared to summer with 26.0% of
the time. Anomalies of light and moderate precipitation showed a similar behaviour compared to the
total precipitation. In contrast, heavy precipitation did not show a systematic cycle throughout the day.

The EIS parameter was calculated twice daily at 0000 UTC and 1200 UTC (1100 and 2300 h LST,
respectively). Overall, a stronger inversion was observed at night over Macquarie Island, which was
more favourable for the generation of shallow convection, greater cloud cover, and thicker clouds [41].
This was consistent with the expected diurnal cycle of marine stratocumulus clouds, for which the
daily maximum tended to occur during the early morning hours before sunrise [43—46]. Our results
showed that there was a clear connection between the stronger inversion at night and the maximum
of precipitation in the diurnal cycle. The seasonal variations showed greater values of EIS during
summer for both day and night. These results suggested that the light and moderate precipitation
and associated diurnal cycle generated by MABL clouds (shallow convection) were likely to make a
significant contribution to the precipitation amount over the SO. This supported the conclusion that a
significant portion of the precipitation over the SO came from non-frontal clouds [6,7], perhaps more
so than suggested by [8] using the GPCP precipitation product.

A diurnal cycle may not be taken into account in precipitation climatologies based on satellite
products over the SO. For instance, CloudSat CPR has widely been used to study oceanic precipitation,
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e.g., [3,47,48]; however, since CloudSat is in a Sun-synchronous orbit, the data from this satellite only
contain precipitation that occurs at the same two times every day. Further, night-time observations
are not available from April 2011 onward. This may result in a diurnal sampling bias in the
CloudSat CPR data. Using MAC as a reference point, given that the A-Train overpassing times
are approximately 0300-0400 UTC (1400-1500 LST in summer) and 1400-1500 UTC (0100-0200 LST in
summer), the observations would have picked up the (sub-)minimum and missed the peak of the
precipitation throughout the day (Figure 1b), leading to an underestimate of the daily precipitation
amount. Assuming that missing the diurnal cycle is the only source of errors, the annual daily
precipitation would be underestimated by less than 1% before 2011 and by ~9% after 2011 in the
CloudSat precipitation product. Summertime underestimation would be slightly larger, 3% and 10%
respectively before and after 2011.

The ERA-Interim reanalysis precipitation product showed a marked 12 h cycle. Overall, the
mean precipitation and anomalies for all the precipitation categories suggested that ERA-Interim was
influenced by the twice-daily initialization of forecasts. As for the total precipitation, the decomposition
into large scale and convective components also showed an influence of the twice-daily initialization,
with a 12 h cycle observed in both components, although the large scale precipitation dominated
the climatology.

Our findings showed that a diurnal cycle of precipitation over Macquarie Island was discernible.
As the cycle peaked in the early morning, many A-Train products that depended on daytime
observations only (e.g., effective radius, cloud droplet number concentration, cloud phase optical
property, etc.) were not able to capture the cloud properties associated with the precipitation peak,
limiting any climatology derived from these products. Further, a marked seasonality was noticed
in the diurnal cycle, with summer showing a much larger variation through the day compared to
wintertime. In future work, we will extend our current analysis to a more extensive area over the SO,
including recent dedicated field campaigns and model simulations.
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