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Abstract

Precipitation gauges are critical for measuring precipitation rates at regional and global scales and
are often used to adjust precipitation rates estimated from other instruments such as satellites.
However, precipitation measured at the gauges is affected by gauge-undercatch that is often larger
for solid precipitation. In the present work, two popular gauge-undercatch correction factors are
assessed: one utilizes a dynamic correction model and is used in the Global Precipitation
Climatology Centre (GPCC) Monitoring product and the other one employs a fixed climatology
and is used in the Global Precipitation Climatology Project (GPCP) product. How much the choice
of correction factors can impact the total estimate of precipitation was quantified over land at
seasonal, annual, regional, and global scales. The correction factors are also compared as a function
of the environmental variables used in their development, among those are near-surface air
temperature, relative humidity, wind speed, elevation, and precipitation intensity. Results show
that correction factors can increase the annual precipitation rate based on the gauges by ~9.5 %
over the global land (excluding Antarctica), although this amount can vary from ~6.3% (in boreal
summer) to more than 10% (in boreal winter), depending on the season and the method used for
gauge-undercatch correction. Annual variations of correction factors can also be large, so the use
of the fixed climatology correction factors requires caution. Given their magnitudes and
differences, selection of appropriate correction factors can have important implications in refining
the water and energy budget calculations.
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1- Introduction

Accurate spatiotemporal quantification of precipitation is crucial for scientific, commercial, and
operational applications (Tapiador et a/ 2012, Kucera et al 2013, Kirschbaum et al 2017,
Arabzadeh et al 2020). At the global scale, precipitation observations are often obtained from
satellites or precipitation gauges, each offering its strengths and weaknesses (Adler ef al 2003,
Strangeways 2006, Becker et al 2013, Sun et al 2018). Satellites provide quasi-global coverage,
but generally have relatively poor performance in capturing precipitation rate over snow and ice
surfaces (Kidd ez a/ 2012, Cao and Liang 2018, Behrangi et al 2018a, Levizzani et al 2011, Liu et
al 2019b, 2019a, Skofronick-Jackson et al 2015, Adhikari et al 2020, Ehsani et al 2021,
Vahedizade et al 2021, Bagaglini ef al 2021, Dufty et al 2021, Yu et al 2020, Milani and Wood
2021). Precipitation gauges are critically important as they often serve as a reference to evaluate
or develop other precipitation products. However, they often are (1) sparse, and (2) topographically
biased towards lower altitudes in mountainous regions. In addition, the ability of a gauge to
accurately measure precipitation varies as a function of the gauge characteristics, including the
height and shape of the gauge, the orifice size, the material with which the gauge is constructed,
and the presence or absence of a windshield (Adam and Lettenmaier 2003, Legates 1995, Legates
and Bogart 2009).

Precipitation measurement errors can be divided into two main categories — systematic and
unsystematic (random). Unsystematic errors include human error, such as inaccurate measuring
and recording procedures. These errors can result in an increase or decrease in the amount of
precipitation measured and they are difficult to correct. Systematic errors include site and location
errors and how accurately gauge-catch approximates actual (true) precipitation. The main sources
of systematic precipitation undercatch are due to deformation of the wind field above the gauge
orifice, wetting losses due to water adhering to the inside of the gauge, evaporation, and
sublimation of precipitation from the gauge before measurement, precipitation splashing in/out of
the gauge, and the treatment of trace precipitation as zero. Together, these systematic biases mean
that gauge-measured precipitation significantly underestimates actual precipitation. Although
these biases are usually relatively small for liquid precipitation (4—10%), they are much larger for
solid precipitation and can exceed 90% of the total precipitation (Berkowitz and Balberg 1993,
Yang et al 2005, 2000, 1999b, 2001, 1999a, Sevruk 1987, Sevruk and Klemm 1989, Sevruk et al
2009, Jimeno-Saez et al 2020, Hirabayashi et al 2008, Grossi et al 2017, Groisman and Legates
1994, Goodison et al 1998, Fassnacht 2004, Cauteruccio et al 2020, Koehler 2019). Therefore, the
use of appropriate correction methods to mitigate the precipitation undercatch can have a large
impact on the accurate quantification of precipitation at regional and global scales.

Transfer functions are generally used to adjust for the undercatch of precipitation measurements.
These functions are derived based on the variation of the collection efficiency with wind speed,
precipitation intensity, and other determining factors for a particular type of gauge or multiple
types of gauges, either using field experiments or based on numerical simulation (Sypka 2019,
Pollock et al 2018, Fiser and Wilfert 2009, Colli et al 2018, 2020, 2015, Colli and Lanza 2016,
Masuda et al 2019, Mekonnen et al 2015, Pierre et al 2019, Sugiura et al 2003).

Gridded precipitation products based on precipitation gauges have been corrected for systematic
measurement errors using monthly and daily correction factors as discussed in Ungersbock et al.
(2001). Two popular correction factors (CFs) currently used in global precipitation products are
(1) Legates climatology (CF-L) utilized in the Global Precipitation Climatology Project (GPCP)
(Adler et al 2018, 2003, Huffman et al 2020); and (2) Fuchs dynamic correction model (CF-F)
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used in the Global Precipitation Climatology Centre (GPCC) Monitoring product (Schneider et al
2014). Both GPCP and GPCC are commonly used by researchers for scientific analysis or the
development of other precipitation products. For example, GPCP is used at a monthly scale to
bias-adjust PERSIANN-CDR (Ashouri ef al 2015) within 60°S/N, and to bias-adjust the Integrated
Multi-satelliE Retrievals for GPM (IMERG) (Huffman et al 2020) over global land and high
latitude oceans. GPCC is also widely used for global and regional water balance studies,
calibration/validation of remote sensing-based rainfall estimations, and verification of numerical
models (Nicholson et al 2003, Raziei et al 2010, 2011, 2015, Wang et al 2017a, 2017b, Basheer
and Elagib 2019, Ajaaj et al 2016, Chen et al 2014, Prakash et a/ 2015, 2011, Sarmadi and
Shokoohi 2015, Wei et al 2019). Therefore, it is important to carefully assess how the choice of
CFs can affect these products.

Legates and Willmott (1990) found that precipitation gauge errors tend to be directly proportional
to total precipitation and amount to nearly 11% of the global catch. They reported that an
undercatch of less than 5% occurs in the tropics, while more than 40% is common at the poles,
illustrating the large influence of wind on undercatch of snowfall. Legates and Willmott (1990)
developed the monthly correction factor (i.e., CF-L) to compensate for the systematic gauge-
measuring error. However, CF-L has several issues including but not limited to: (1) most of the
observations collected between 1920 and 1980, and so the climatology is largely representative of
those 60 years, (2) the type of gauges and their installation specifics were possibly obsolete in the
early 1980s, and (2) assumptions used in the estimation of parameters (wind velocity, solid/liquid
ratio, etc.) can lead to over-correction as high as 200% in some cases. Therefore, it seemed
essential to determine and implement an improved correction method (Rubel and Hantel 2001a,
2001b, Rubel et al 2000).

Efforts such as (1) the development of a new catalog for standard precipitation gauges by the
World Meteorological Organization (WMO) such as gauge types, windshield usage, and gauge
rim height, (2) refinement of correction terms for evaporation and wetting errors, and (3)
improvement of the daily precipitation intensity derivative algorithm from synoptic reports -
originally developed by Rubel and Hantel (1999), eventually led to another correction method
commonly referred to as the Fuchs method (i.e., CF-F). CF-F uses the dynamic correction model
(Rubel and Hantel 1999, Forland and Hanssen-Bauer 2000) and employs different synoptic
observations such as near-surface air temperature (T), relative humidity (RH), precipitation rate
(P), and wind speed (W). CF-F mainly exploit environmental variables for the determination of
the precipitation phase (i.e., instead of air temperature alone, a combination of temperature and
relative humidity has a much closer relation to precipitation phase) which is a very crucial point
because the correction factors for liquid and solid precipitation differ significantly. CF-L and CF-
F methods are discussed in (Fuchs ef al 2001, Legates and Willmott 1990).

Since precipitation gauges are often the only observational source for precipitation measurement,
assessment of the CFs is very challenging. Projects such as the WMO Solid Precipitation
Intercomparison Experiment (SPICE; 2013-2016) are valuable to assess bias-correction of
precipitation gauges but they cover only limited areas and certain gauge types (Rasmussen et al
2012, Kochendorfer et al/ 2017, 2020, Smith et al 2020). By focusing on frozen regions in the
northern hemisphere, Behrangi et al (2018b) used mass change observation from the Gravity
Recovery and Climate Experiment (GRACE) to estimate monthly and seasonal snow accumulation
through the water budget equation. They calculated snow accumulations from mass balance to
assess CF-F and CF-L and found that CF-F is more consistent with the precipitation accumulations
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calculated using GRACE observations. Behrangi et al (2019) reported similar results by
performing annual water budget analysis over several Arctic basins using streamflow observations.
Although both studies suggested that CF-F is preferred over CF-L in most high latitude regions,
Panahi and Behrangi (2020) showed that the use of CF-F may result in overestimation of snowfall
over the northern part of the United States based on comparison with the University of Arizona -
Snow Water Equivalent (UA-SWE) product.

While additional studies are required to evaluate CFs in different regions, it is important to quantify
how much the total precipitation estimates over land at annual, seasonal, regional, and global scales
are affected by the choice of CFs. Also, environmental conditions that lead to larger differences in
CFs should be investigated to better understand the relationship between CFs and synoptic
variables. Present work attempts to address these questions.
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2- Datasets and Methodology

2-1- GPCC Precipitation Products

GPCC was established in 1989 at the request of the WMO. It is operated by Deutscher Wetterdienst
(DWD, National Meteorological Service of Germany) and contributes to the World Climate
Research Program (WCRP). GPCC provides gridded maps of monthly and daily precipitation over
land (except Antarctica) based on in-situ rain gauges. In this study, the latest GPCC monthly
Monitoring and Full data products (GPCC V2020; Zeise et al 2020; Schneider et al 2020) were
used. Also, the previous version of the GPCC monthly Full data product (GPCC V2018; Schneider
et al 2018) was used to assess changes in precipitation amount between the two versions. GPCC
products are downloadable from https://opendata.dwd.de/climate _environment/GPCC.

2-2-1- Legates Correction Factor (CF-L)

Using traditional land-based gauge measurements and shipboard estimates, Legates and Willmott
(1990), developed a global climatology of mean monthly precipitation. The dataset includes
24,635 spatially independent terrestrial station records and 2,223 oceanic grid-point records from
1920 to 1980. Legates’ method can be used to correct gauge-induced biases and remove systematic
measurement errors because of wind on the inner walls of the gauge and gauge evaporation.
Legates corrected monthly precipitation records were interpolated with a spherically based
interpolation algorithm. Monthly CF-Ls based on long-term (1920-1980) mean precipitation data
are available at 1° x 1° degree resolution a at lo x 1lo degree resolution t
https://opendata.dwd.de/climate _environment/GPCC/legates/.

2-2-2- Fuchs Correction Factor (CF-F)

Fuchs's correction method is based on a dynamic correction model, explained by (Rubel and Hantel
1999, Forland and Hanssen-Bauer 2000), originally developed for gauges in European countries
that participated in the Baltic Sea Experiment (BALTEX) of the Global Energy and Water Cycle
Experiment (GEWEX). The method uses synoptic observation of environmental variables (i.e.,
wind speed at the rim of the gauge, air temperature, relative humidity, and precipitation phase and
intensity) to calculate daily corrections. The daily corrections include wind-induced losses and
climatological correction for evaporation and wetting loss (Ungersbock et al 2001, Fuchs et al
2001). An important step in the Fuchs correction method was improving the phase of precipitation
events that could be determined by using appropriate data obtained from synoptic reports that are
regularly exchanged through the WMO Global Telecommunication System (GTS). The method
uses a combination of surface air temperature and relative humidity, instead of temperature alone,
to improve phase separation that can lead to a more realistic bias-correction procedure for
precipitation events. The Fuchs CFs are provided as a field in the GPCC monthly Monitoring
product.

During the analysis, we noticed that some of the monthly CF-F data provided by GPCC have
missing values. Figure S1 depicts the time-series of missing values as a percentage of total land
grids, and the location of missing grids. The missing values are less than 1.5% of the total land
grids. While these missing grids occur mainly during 2007-2011, they were removed from the
entire record for consistency of calculations.
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2-3- ERAS5 Global Reanalysis

ERAS is the latest generation of European Center for Medium-range Weather Forecasting
(ECMWEF) atmospheric reanalysis. ERAS is available from 1950 onward and is a replacement for
the ERA-interim reanalysis product. It uses 4D-Var data assimilation using Cycle 41r2 of the
Integrated Forecasting System (IFS). In the present work, synoptic variables at 0.25° spatial
resolution were obtained from https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-
single-levels-monthly-means.

2-4- Methodology

CF-Fs were obtained from the GPCC Monitoring product at 1° x 1° degree resolution for each
month for the period of study (i.e., 1982-2019). CF-Ls constant monthly CFs were compared to
dynamic monthly CF-F, geographically and zonally, and separately for all seasons and several
regions. Also, annual, and seasonal mean precipitation rates using the two correction methods were
quantified and compared on a global scale and for several regions. In addition, synoptic variables
(i.e., T, RH, W) from ERAS were used to analyze CFs and their differences in relations to
environmental conditions by comparing CFs as a function of elevation (E), T, RH, W, and
precipitation rate (P). Also, CFs and their differences were studied as a function joint distribution
of synoptic variables. The analyses were performed only over continental land areas, where both
CFs are available. All of the products were mapped onto a common 1° x 1° degree resolution grids
prior to the analysis.
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3- Results & Discussions

To investigate how CFs change with latitude, the zonal average of CF-F and CF-L for each season
were calculated as shown in Figure 1. Since CF-L is constant for each month, seasonal mean values
are shown with a line (shown in blue). On the other hand, CF-F is dynamic, thus, in addition to the
long-term mean (orange line), variations for each latitude within the period of study (i.e., 1982-
2019) are shown with orange shaded areas.

Figure 1 shows that within 45°S/N in all seasons, (1) there is a good agreement between both CFs,

(2) the zonal averages of CF-F and CF-L almost overlap, and (3) variation of CF-F is relatively

small. The relative difference (i.e., %) plot (Figure 2a) also confirms the consistency of

CFs within 45°S/N. CF-F provides larger CFs compared to CF-L poleward of 60°N in DJF, MAM,
and SON with relative differences exceeding 30% in winter. On the other hand, CF-L seems to
have larger values poleward of 50°S in the southern hemisphere for all seasons except JJA. Figure
1 also indicates that the variability of CF-F is much larger poleward of 30°S and 60°N in all seasons.
In other words, in higher latitudes, variation of CF-F can be very large across different years, but
this annual variation is missed when constant CF-L climatology is used. These observations
indicate that (1) in mid and low latitudes, the undercatch issue is small whereas near the poles large
corrections factors are common, (2) the undercatch is often larger for solid precipitation which is
in line with previous studies (Legates 1995, Legates and Bogart 2009), (3) using constant CFs (i.e.,
CF-L) does not provide any information about annual variability, and (4) the greatest biases are
likely to occur in high altitude sites, where snowfall is common.

Although Figure 1 is insightful for investigating the overall relationship between CFs, zonal
averages can be misleading. In other words, when regional differences in CFs are averaged at each
zone, there might be a cancelation effect. Therefore, it will be informative to assess the spatial
distribution of CFs and their relative differences. Geographic maps of the average seasonal CFs
are shown in Figure 3, separately for CF-F and CF-L. In addition, the relative differences between

these two CFs (i.e., 100;#) are plotted for all seasons. Figure 3 indicates large regional

variations in CFs that could not be fully explored in the zonal plots. Both CF-F and CF-L report
larger CFs for DJF, MAM, and SON compared to JJA in NH.

Scrutinizing seasonal relative differences of the CF-F and CF-L reveals that CF-F provides larger
CFs in North America and Alaska (except for the coastal regions where precipitation rates are
usually higher), parts of Greenland, and scattered regions in Siberia, Himalaya, South America,
Australia, and parts of Africa in DFJ, MAM, and SON. On the other hand, CF-L is larger in
Northern Europe, parts of Asia, and coastal regions in North America. In other parts of the world,
the relative differences between the CFs lie within 5 percent in all seasons. In higher latitudes,
the relative difference can exceed 50% in several regions suggesting that (1) the choice of CF can
have a significant impact in estimating the actual amount of precipitation, and (2) the undercatch
is often larger for snowfall than rainfall.

Figure 3 also indicates that (1) over large areas in Canada, CF-L is about one, while CF-F shows
values larger than one that is expected; however, in coastal regions that often have higher
precipitation rates CF-L provides larger CFs, (2) over the northern part of the United States, CF-F
is larger than CF-L in all seasons except summer. This is also consistent with Panahi and Behrangi
(2020) in which they found that in very cold conditions, the use of CF-F may result in
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overestimation of snowfall accumulation, and (3) over Eurasia and especially in winter, CF-L is
considerably larger than CF-F. Mass change analysis using GRACE observations as well as net
surface water exchange analysis suggest that CF-L is likely too high over this region (Behrangi et
al 2014; 2018b, 2019).

Due to the large regional differences observed between CFs, seven regions (shown in Figure 4)
were defined to further investigate the impacts of CFs on the regional mean precipitation rates.
These regions include Canada and Alaska, the US, Greenland, Tropics, Eurasia, Siberia and
Himalaya, and higher latitudes in the southern hemisphere (hereafter HSH). To quantify the impact
of CFs on precipitation estimates at both global and regional scales, CFs were applied to GPCC
V2020, and monthly mean precipitation rates were calculated for the global land (except
Antarctica) and seven regions defined in Figure 4. Figure 5 shows seasonal time-series of mean
monthly GPCC, GPCC after applying CF-L (GPCC-L), and GPCC after applying CF-F (GPCC-
F) for the global land, US, HSH, and Eurasia. Note that the time-series represents monthly mean
values, but the reported unit in Figure 5 is mm/day. In addition to the absolute values, relative

differences of GPCC-L and GPCC-F with respect to GPCC (i.e., GPCCTE o nd SRec-L
GPCC GPCC

plotted in separate panels for each region with the trendlines showing how they evolve in time.

) are also

Time-series of the global mean precipitation rate indicate that choosing CF-L over CF-F leads to
higher mean global precipitation rates (Figure 5a). Over the US, the use of CF-F leads to larger
values in DJF and larger variations compared to that obtained by using CF-L (Figure 5b), which
was also observed in Figure 3. In Eurasia (Figure 5c¢), CF-L provides larger mean daily
precipitation rates, which is consistent with Figure 3. Similar plots are provided for four other
regions in the supplementary materials (Figure S2).

Figure 5a indicates that there is an increasing trend in the global mean GPCC-F, especially from
1982 to 2000, while GPCC-L does not show any obvious trend (the slope of the GPCC-F trendline
is ~16 times larger than that of GPCC-L). A similar trend can be observed over SHS where the
slope of GPCC-F is ~16 times larger than that of GPCC-L. These trends in GPCC-F can be related
to its dynamic nature which can be affected by the change in environmental conditions (e.g., T,
RH, and W). On the other hand, the static nature of CF-L does not necessarily follow trends in
climate variables [climate variables show trends due to climate change and global warming in the
past two decades; (Ehsani et al 2020)].

Investigating the monthly global T, RH, and W using ERAS (Figure S3), shows an increasing trend
in T, decreasing trend in RH, and increasing trend in W that may partly explain the global increase
in GPCC-F. However, it is important to note that CF-F is calculated using synoptic station data,
so the analysis using ERAS may not be fully representative. Interestingly, the global trend in
GPCC-F is similar to that observed in HSH (Figure 5c), and the trend in SHS is consistent with
the corresponding time-series of T, RH, and W (Figure S3). This observation suggests that
understanding the changes in GPCC-F requires a more detailed analysis of synoptic data that could
be a topic for future investigations.

Quantifying how much the choice of CFs can impact the “measured precipitation” amount is very
important, at least from the perspective of Earth’s water and energy budget analysis. Gauge-
dependent bias-correction of conventional observed precipitation is essential before using these
analyses for calibration of remote-sensing data, for verification of model results, for water balance
assessments as well as for climate change studies (Fuchs et al 2001). Table 1 shows the annual
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and seasonal global mean precipitation rates over land (excluding Antarctica) from GPCC V2020,
GPCC-L, GPCC-F, and GPCC V2018. The values in parentheses display the percent change in
total precipitation compared to GPCC V2020 that has no gauge undercatch correction. The results
indicate that at the annual scale, using CF-L leads to a 9.5% increase in mean global daily
precipitation rate while CF-F increases this value by 6.3%. The analysis also indicates that there
is only a slight difference between GPCC V2020 and GPCC V2018 at a global scale with a
maximum difference of no more than 0.2% in DJF. Seasonal values of GPCC-L and GPCC-F
indicate that both CF-L and CF-F result in the largest increase in precipitation rates in DJF and the
least increase in JJA, which is consistent with Figure 3.

The increase in precipitation rate due to applying CFs is relatively large. Previous studies have
suggested that the global precipitation rate obtained from GPCP (that uses CF-L to correct GPCC)
needs to be increased by ~5% (Trenberth ef a/ 2009, Rodell et al 2015, 2015, 2005, 2004) or higher
(Stephens et al 2012) to bring water and energy budget into balance. Therefore, even though here
the analysis is only over land, the large increase in GPCC precipitation rates by applying CFs and
the relatively large differences between GPCC-L and GPCC-F suggest that the choice of CFs can
significantly impact the understanding of the Earth system processes at regional and global scales.
As an example, precise knowledge of surface energy fluxes profoundly affects our ability to
understand how Earth’s climate responds to increasing concentrations of greenhouse gases. Note
that by using CF-F, the annual increase in GPCC precipitation can be ~3.2% less than that
suggested by CF-L over land. Since CF-F has a dynamic nature that utilizes synoptic variables, it
might provide a more accurate estimate of the global precipitation rate (Schneider et al. 2017).
However, studies have shown that the accuracy of CF-F and CF-L can be regionally dependent
(Behrangi et al. 2018b, 2019; Panahi and Behrangi et al. 2020). Mean annual and seasonal
precipitation changes in the seven regions identified in this study were also investigated (Figure
S4). The results indicate that the increase in mean precipitation rate due to applying CFs is largest
in Greenland (i.e., ~ 40% annually and more than 60% in DJF) and smallest in the tropics (i.e.,
~5% or less) which emphasize the importance of using CFs for higher latitudes.

As discussed earlier, CF-F and CF-L are different from each other in utilizing environmental
variables, among those are T, RH, W, E, and P. In addition to the analysis of regional differences
between the CFs, it is important to investigate how CFs differ as a function of these environmental
variables. Figure 6 shows the average values of CF-F and CF-L, and their relative differences, as
a function of T, RH, W, E, and P. Sample counts in each bin are also shown in adjacent panels.
Figure 6 demonstrates that as T decreases, both CF-F and CF-L tend to increase, but for colder
temperatures (less than 0 °C), CF-L remains almost constant (Figure 6a). This behavior can justify
why CF-F has larger values at very high latitudes and very cold regions in the northern CONUS
(Figure 1). CF-F exceeds CF-L by ~20% for T less than 0 °C, while at warmer T, CF-L and CF-F
are comparable.

CFs increase while RH is less than ~80%, at which both CFs show their maximum values (Figure
6¢). While CF-F is slightly higher than CF-L for RH less than 80% and lower than CF-L for RH
higher than 80%, both CFs show a similar relationship to RH. As W increases, both CF-L and CF-
F tend to increase up to 7 m s™! and then decrease at high wind speed (e.g., greater than 10 m s°';
Figure 6¢). While it is not clear why at high wind speed CFs are smaller, the number of samples is
lower for W greater than 10 m.s™!' that may affect the results (Figure 6f). In general, CF-F is larger
for wind speeds between 4 and 10 m s!, while CF-L is larger at higher wind speeds.
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Both CF-F and CF-L show similar behavior as a function of precipitation rates, except for very
low precipitation rates. As P increases, CFs tend to show smaller numbers (Figure 6g). This could
be due to: (1) larger CFs are needed for light precipitation rate as they can be more easily moved
away from the gauge inlet, (2) lighter precipitation occurs in higher latitudes where snowfall is
more common. Nonetheless, the behavior of CF-F and CF-L are consistent regarding the change
in P. In terms of elevation, both CFs increase with elevation up to ~3,000 m and decrease in higher
altitudes (Figure 61). CF-F provides larger values in elevations lower than 3,000 m. While this
might be related to the fact that gauges are usually located at altitudes lower than 3,000 m, there
is no clear insight in support of the observed relationship at higher altitudes. Furthermore, CF-F
tends to have larger values than CF-L, especially at higher elevations. To summarize, Figure 6
shows that the difference between CFs in different regions can be traced through environmental
conditions in which they behave differently. However, commenting on their behavior as a function
of only a single environment variable can be inaccurate. Therefore, it is valuable to analyze CFs
as a function of two or more variables.

To further investigate the impact of environmental conditions on CFs, average CFs and their

—100;554) are plotted for the joint distribution of T, RH, W, E, and P

(Figure 7). Figure 7 is insightful as it can provide additional information on the specific
environmental conditions that lead to major differences between CF-L and CF. For example, based
on Figure 7, it can be stated that: (1) CFs are larger for higher W and lower T and CF-F provides
larger values in such conditions, (2) CF-F is larger than CF-L for lower T and lower P (which is
typical of high latitude and snowfall events) and also lower T and intense precipitation events, and
(3) CF-F is larger for mild precipitation events and W within 5 to 10 m/s-1. These are examples of
environmental conditions that lead to different behavior in CFs; however, this topic needs to be
investigated in more detail in future studies.

relative differences (i.e.,
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4- Concluding Remarks

Accurate estimation of precipitation amount and distribution is critical for regional and global
studies. Over land, precipitation gauges provide measurements of precipitation rate and through
interpolation, precipitation rate can be estimated at the regional and global scale. Precipitation
measurements at gauges are also critical for correction of satellite precipitation retrievals, thus
most of the gridded satellite-based precipitation products tend to produce a satellite-gauge product
to improve their retrieval biases using precipitation measurements at rain gauges. However, it is
important to realize that precipitation measurements at rain gauges also face errors due to gauge-
undercatch.

In the present study, two popular gauge-undercatch CFs were investigated: (1) CF-L used in
GPCP, and (2) CF-F used in GPCC Monitoring product. CF-L is based on the climatology of
monthly precipitation records from 1920-1980 and is available as monthly maps of correction
factors that are constant and do not change from one year to another. In contrast, CF-F is based on
a dynamic correction model that uses synoptic observation of environmental variables (e.g., wind
speed at the rim of the gauge, air temperature, relative humidity, and precipitation intensity and
phase) to calculate daily CFs. The extent that the choice of the CFs can impact the total estimate
of precipitation over land was quantified at seasonal, annual, regional, and global scales and CFs
were related to major environmental variables (i.e., near-surface T, RH, W).

Both CFs are larger in higher latitudes, and CF-F exceeds CF-L poleward of ~60 °N in all seasons.
At around 70 ‘N in winter, the mean CF-F reaches its maximum value, suggesting a more than
100% increase in the measured precipitation intensity (Figure 1a). In lower latitudes (i.e., 45 °S-
45 °N); however, the relative differences between zonally averaged CF-F and CF-L often stay
within £5%, partly because CFs are much smaller for rainfall than snowfall and are directly
proportional to the total precipitation.

Regional assessment of CFs, through geographical maps, reveals additional information and is less
prone to the cancelation issue that affects zonal plots. Despite their overall consistency, CF-F and
CF-L show large regional differences, among those are the northern part of the Central United
States (where CF-F can be much larger than CF-L in all seasons except summer) and Eurasia
(where CF-L is considerably larger than CF-F), especially in winter. It was also found that CF-L
tends to be larger than CF-F in some coastal regions, where precipitation rates are large (e.g., the
coastal region of the Gulf of Alaska), which can significantly affect the regional or continental
precipitation rates.

Over global land (except Antarctica), the use of CF-L and CF-F results in an increase of the latest
GPCC Full product (V2020) by 9.5% and 6.3%, respectively. This increase is largest during boreal
winter (10.3% for CF-L and 6.7% for CF-F) and smallest during boreal summer (8.0% for CF-L
and 5.8% for CF-F). This increase in precipitation is fairly large and suggests that the choice of
CFs can have considerable impacts on the water and energy budget calculations. Since CF-F has
a dynamic nature and utilizes synoptic variables, it might provide a more accurate estimate of the
global precipitation rate. However, studies have shown that the accuracy of CF-F and CF-L can be
regionally dependent.

The analysis presented here suggests that further efforts are needed to reduce gauge undercatch
errors (e.g., through the installation of more accurate gauges or the development of improved
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methods to correct their undercatch). Furthermore, it is important to understand how changes in
CFs might be affected by the quality and stability of synoptic data, a topic for future investigations.
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Tables & Figures

Table 1- Annual and seasonal global mean precipitation rates in mm/day over land from GPCC
V2020, GPCC-L, GPCC-F, and GPCC V2018. The analysis does not include Antarctica because
GPCC and CF-L do not cover Antarctica. The percent values in parentheses display the percent
increase of total precipitation as compared to GPCC V2020 that is not corrected for undercatch.

Annual DJF MAM JJA SON

2.41

2.59

2.50

GPCC V2020 2.51 2.55

GPCC-L 2.75 2.81 2.74 2.80 2.65
(+9.5%)  (+103%)  (+9.8%)  (+8.0%)  (+10.1%)

2.67 2.71 2.66 2.74 2.56
(+6.3%) (+6.7%)  (+6.4%)  (+5.8%)  (+6.4%)

GPCC V2018 2.52 2.55 2.50 2.60 2.41
(+0.1%)  (+02%)  (+0.0%)  (+0.1%)  (+0.1%)
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Figure 1: Zonal plots of seasonal CF-L and CF-F using 38 years (1982-2019) of monthly CF-F data: (a)
winter (DJF), (b) spring (MAM), (c¢) summer (JJA), and (d) fall (SON). Zonal averages are calculated at 1-
degree zonal bins. Panels (e) and (f) show zonal plots of seasonal relative differences between mean CF-F
and CF-L and zonal number of 1-degree grids over land, respectively.
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Figure 2: Seasonal relative differences between zonal CF-F and CF-L (a) and zonal number of 1-degree

grids over land (2).
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Figure 3: Seasonal maps of CF-F (left column) and CF-L (middle column), and relative differences

—1OOC>; it right column) calculated from monthly CF-L and 38 years (1982-2019)

of monthly CF-Fs. From top to bottom, rows show winter, spring, summer, and fall, respectively. The maps
are produced at 1-degree spatial resolution.

between the two (i.e.,

25


https://doi.org/10.20944/preprints202106.0179.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 June 2021 d0i:10.20944/preprints202106.0179.v1

60°N

30°N

0°

Latitude

30°S

60°S _ L e :
d ' e [ Siberia & Himalaya < |
| | | | l
120°W 60°W 0°W 60°E 120°E
Longitude

Figure 4: Regions defined to further investigate the impact of CFs on precipitation estimates.
These regions include Canada and Alaska, the United States (US), Greenland, Tropics, Eurasia,
Siberia and Himalaya, and higher latitudes in the Southern Hemisphere (HSH).
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Figure 5: Seasonal time-series of mean monthly GPCC, GPCC-L, and GPCC-F for the global land,
US, HSH, and Eurasia. Note that the time-series represents monthly mean values, but the reported
unit is mm/day. Relative differences of GPCC-L and GPCC-F with respect to GPCC are also
plotted in the bottom panel for each region.
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Figure 6: Comparison of CF-F and CF-L and their relative difference as a function of temperature in °C
(T; panel a), relative humidity in % (RH; panel b), wind speed in m s™ (W; panel c), precipitation rate in
mm day™' (P; panel d), and elevation in m (E; panel ). Number of samples in bins are also plotted in adjacent
panels for each environmental variable.
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Figure 7: Mean CFs and their relative differences (i.e., ) as a function of joint
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Supplementary Figures
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Figure S1: Time-series of missing values as a percentage of total land grids (right), and location
of missing grids (left) for Fuchs CFs provided in the GPCC monthly Monitoring product. The
missing values mainly occur between 2007 and 2011 and located in coastal regions or in islands.
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Figure S2: Seasonal time-series of mean monthly GPCC, GPCC-L, and GPCC-F for Canada &
Alaska, Tropics, Siberia and Himalaya, and Greenland. Note that the time-series represents
monthly mean values, but the reported unit is mm/day. Relative differences of GPCC-L and
GPCC-F with respect to GPCC are plotted in the bottom panel for each region.

31


https://doi.org/10.20944/preprints202106.0179.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 June 2021 d0i:10.20944/preprints202106.0179.v1

— T(¢c) — RH(%) —— W(ms™)

Global
Canada

U

28

ww
Tropics

HSH
2
or

Eurasia

Siberia
oo
H =
N
Greenland

1987 1996 2005 2014 1987 1996 2005 2014

Figure S3: Seasonal values of global surface air temperature (T), relative humidity (RH), and
wind speed (W) using ERAS for different regions. Trendlines for each variable are also plotted.
Note that sub-panels are separated with horizontal lines and numbers on the y-axis shows 1/3 and
2/3 of the range.
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Figure S4: Percent change in measured precipitation amount compared to GPCC V2020 in each
region for GPCC-F (red), GPCC-L (yellow) and GPCC V2018 (green).
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