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A B S T R A C T

This study critically re-evaluates the effectiveness of the WM/Refinitiv (WMR) methodology
for Foreign Exchange (FX) benchmark rates following its revision in 2015. Through the use
of proprietary high-frequency trading data provided by Refinitiv, the research assesses the
representativeness, attainability, and robustness of the WMR 4 pm fix. The study examines
the benchmark’s ability to accurately reflect market conditions and the implications of potential
methodological enhancements, such as extending the calculation window. Findings indicate that
while limited improvements in robustness can be achieved with longer windows, the current 5-
min window remains broadly effective. However, the increased complexity and cost of changing
the length of the window could outweigh the benefits. Additional results underscore the need
for ongoing adaptation to evolving market dynamics and provide critical insights for financial
institutions, regulators, and central banks in maintaining reliable and manipulation-resistant
benchmarks.

1. Introduction

In the dynamically complex Foreign Exchange (FX) market, which operates continuously around the clock and is characterized by
its high fragmentation and bilateral trading, benchmarks play a pivotal role. They reduce information asymmetry and are essential
for the accurate valuation of portfolios and investments. The FX market’s distinct lack of a closing time intensifies the need for a
dependable daily benchmark to ensure market participants can access a representative rate each day. The WM/Refinitiv (WMR) 4 pm
fix, along with other benchmarks like the ECB fix and the BFIX administered by Bloomberg, are foundational to financial activities
spanning continents and currencies. However, the WMR 4 pm fix (or simply the Fix), as highlighted by the Financial Stability Board,
remains the dominant benchmark, critical not just in FX but as a key component in multi-currency equity, bond, and credit indices.
This underscores its expansive influence and the substantial financial implications tied to its accuracy and integrity.

In early 2023, $85 billion in trading volume1 in just one currency pair (GBP/USD) underscored the substantial scale of these
benchmarks, with billions traded within mere minutes. Such volumes highlight the critical nature of the benchmark window and
the vast sums that depend on this brief yet intensely scrutinized period.
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The importance of FX benchmarks is paralleled by their vulnerability. The 2013 scandal exposed severe manipulation by
traders, who exploited the benchmark’s calculation mechanisms, often at the expense of their clients.2 This revelation led to a
comprehensive review by the Financial Stability Board, culminating in a reformed methodology introduced in 2015. The adjustments
included extending the benchmark calculation window3 and establishing a dedicated surveillance team to monitor and prevent
potential manipulation. These changes aimed to fortify the benchmark against malpractices and restore trust among global market
participants.

Despite these improvements, the continuous evolution of the FX market presents ongoing challenges. The methods of trading, the
instruments used, and the very structure of the market continue to transform, prompting a perpetual reassessment of the benchmark’s
methodology to ensure it remains representative of the market it serves.

The methodology for calculating the WMR benchmark, which is detailed and updated by Refinitiv, serves as a critical mechanism
for ensuring market representativeness. It involves sampling transaction data from prominent trading platforms within a defined
5-min window, applying checks to each data point before determining the daily benchmark rate. This method is designed to capture
 snapshot of market activity that reflects market conditions as accurately as possible. However, as the market evolves, so too must
he methodologies that underpin these critical benchmarks. This study, utilizing a unique dataset provided by Refinitiv, aims to
ritically assess the current WMR methodology’s effectiveness and explore potential enhancements to ensure its ongoing relevance
nd reliability.

The ‘‘Engagement & Impact’’ pre-registered report previously published (Benenchia et al., 2024) outlines the foundational
research questions underpinning the current study. This study addresses the following research questions:

1. How has the market impacted the 4 pm Fix in terms of liquidity, trading activity, transaction and adverse selection costs, and price
volatility?4

2. To what extent has the methodology that underpins the WMR benchmark remained effective since its inception in terms of
representativeness of the market, attainability, and robustness?

3. Can the WMR methodology be improved by the lengthening of the time window in which the benchmark is calculated?
Answering these questions will enable global corporations and fund managers to rely on a more resilient and non-manipulated

reference rate, thereby providing a benchmark of better quality against currency and macroeconomic risks.
As part of the pre-registration publication process (Faff, 2023), this ‘‘Engagement & Impact’’ study is structured as follows.

Section 2 outlines the connection with the initial research proposal (Benenchia et al., 2024). Section 3 details the results of the
applied analysis. The remaining Sections 4 and 5 discuss and conclude the study.

2. Pre-registered report articulation

2.1. Background and motivation

Building upon the initially approved research pitch and report pertaining to Phase 3 of the PBFJ pre-registration publication
process (Benenchia et al., 2024), this section outlines the relevant literature and the study’s motivations.

As outlined in Benenchia et al. (2024), the works of Evans et al. (2018), Melvin and Prins (2015) and Evans (2018) critically
nderpin this study. Evans (2018) emphasize the centrality of the WMR benchmark in the FX market, highlighting atypical trading

activity surrounding 4 pm UK Time. Melvin and Prins (2015) motivates our research to address inefficiencies in the 4 pm Fix. Evans
et al. (2018) focus on the shift of the Fix benchmark from 1-min to 5-min, and while our sample does not include such an event,
we follow their empirical approach. By extending the data period from the WMR fix implementation in 2015 to the present, we
examine changes in trading behavior around the 4 pm Fix, considering recent economic events at the epicenter of ongoing debates
within the FX industry.

Evans et al. (2018) provide a framework for understanding the effectiveness of the 4 pm Fix benchmark, focusing on representa-
tiveness, attainability, and robustness. While their analysis controls for month-end trading, it does not thoroughly investigate trading
patterns during this period, which is crucial for rebalancing portfolios. Melvin and Prins (2015) reveals significant trading activity
spikes during month-end, potentially affecting benchmark rates. This behavior underscores the importance of vigilant benchmark
management and robust methodologies to ensure the integrity of FX benchmarks. This study builds on Melvin and Prins (2015) to
focus on month-end analysis.

This study is crucial for financial institutions, regulators, and central banks. Financial institutions rely on WMR benchmarks
for portfolio rebalancing, and an efficient benchmark minimizes currency risks and transaction costs. Regulators need up-to-date
vidence to develop optimal regulations, and central banks require a clear view of FX markets for monetary policy transmission
nd setting reference rates. Therefore, this research aims to provide new insights into market behavior changes, informing future

FX benchmark methodology design. The findings will help financial institutions reduce costs, regulators prevent manipulation, and
central banks maintain fair and representative rates.

2 See, e.g., Financial Conduct Authority (FCA), 2014. FCA fines five banks £1.1 billion for FX failings and announces industry-wide remediation programme
Press Release).

3 Media news still argues against the effectiveness of a 5-min benchmark window calculation compared to a longer 20-min window. See, e.g., The Full FX
t https://thefullfx.com/.

4 This research question slightly differs from that of the pre-registered report as we realized that the data/tools available only appropriately address the
question stated above.
2 
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2.2. Methodology

To address the first research question, we employ a multivariate panel regression model examining liquidity measures to compare
these metrics on normal trading days versus month-end days.5 These include: (i) bid–ask spread — calculated as the difference
between the ask and the bid prices; (ii) effective spread — computed as two times the difference between the transaction price and
he prevailing quote midpoint; (iii) price impact — measured as two times the difference between the prevailing midpoint 20 s after

the trade and the quote midpoint, all being consistent with mainstream microstructure literature (e.g., Galati et al., 2024). This
allows us to understand changes in trading behavior and inform benchmark design improvements.

Initially, we intended to use the model specified in Equation 9 of the pre-registered report (Benenchia et al., 2024) to evaluate
the predictive power of changes in market behavior ahead of the benchmark calculation. However, as predicted, analysis reveals
multicollinearity issues among the same market quality metrics computed in different time horizons. Therefore, we use the simplified

odel in Equation 10 of the pre-registered report (Benenchia et al., 2024), which captures the predictive power of market changes
in each time interval surrounding the benchmark window separately,6 as follows:

𝑌 𝑡
𝑖𝑑 = 𝛼𝑡 + 𝛽𝑡1𝑋

𝑡
𝑖𝑑 + 𝛽𝑡2𝐾

𝑡
𝑑 + 𝛽𝑡3𝐾

𝑡
𝑑𝑋

𝑡
𝑖𝑑 + 𝛿𝑡𝐶 𝑡

𝑖𝑑 + 𝛾 𝑡𝐹 𝐸𝑡
𝑖𝑑 + 𝜖𝑡𝑖𝑑 (1)

where 𝑡 represents each 5-min interval considered for the calculation of market quality measures, from 30 min before the start
f the benchmark window to 4 pm UK time.7 𝑌 𝑡

𝑖𝑑 represents the natural logarithm of the actual published 4 pm Fix benchmark
rate for the currency pair 𝑖 in a given day 𝑑. 𝑋𝑖𝑑 is a vector of the three market quality metrics (i.e., bid–ask spread, effective
pread, and price impact).8 𝐾𝑑 is a dummy variable taking the value of 1 when the observation refers to the last trading weekday

of the month and 0 otherwise. Our variables of interest are the interaction terms between 𝐾𝑑 and 𝑋𝑖𝑑 at each time 30-min before
he window through to 5 min around 4 pm UK time, capturing the marginal predictive power of the benchmark from changes in

market behavior at month-end. 𝐶𝑖𝑑 is the vector of control variables for currency 𝑖 on day 𝑑 (i.e., currency pairs volatility measured
s the standard deviation of prices within the fixing window, an economic event dummy variable taking the value of 1 when there

is a macroeconomic announcement for the underlying US Dollar or for the currency in question during day 𝑑 and 0 otherwise,9 and
he order-to-trade ratio calculated as the total number of limit orders divided by that of the market orders within the benchmark

window), and 𝐹 𝐸𝑖𝑑 captures the currency and time fixed effects. The remaining 𝜖𝑖𝑑 is the error term while 𝛼 is the intercept.
To address the second and third research questions, we use a methodology similar to Evans et al. (2018), examining the 4

m Fix benchmark’s quality through measures of representativeness, attainability, and robustness. Representativeness evaluates
the benchmark’s reliability in reflecting the underlying market, attainability assesses the degree to which market participants can
replicate the benchmark price, and robustness measures the benchmark’s resilience to market manipulation.

As outlined in Benenchia et al. (2024), for representativeness, we calculate the root mean square error between the fix rates and
the mean trade prices for different time windows (5, 10, and 20 min):

𝑅𝑒𝑝𝑟𝑒𝑠𝑒𝑛𝑡𝑎𝑡𝑖𝑣𝑒𝑛𝑒𝑠𝑠5,10,20𝑖𝑦 =

√

√

√

√𝑁−1
𝑁
∑

𝑑=0

(

𝑏5,10,20𝑖𝑑 − 𝑝𝑑𝑖𝑑
)2

(2)

where 𝑁 is the number of trading days in year 𝑦, 𝑏5,10,20𝑖𝑑 are the fix rates for 5, 10, and 20-min windows,10 and 𝑝𝑑𝑖𝑑 is the mean trade
price for currency 𝑖 on day 𝑑.

Attainability and robustness are computed similarly, with attainability comparing the fix rates to the mean prices within each
benchmark window:

𝐴𝑡𝑡𝑎𝑖𝑛𝑎𝑏𝑖𝑙 𝑖𝑡𝑦5,10,20𝑖𝑦 =

√

√

√

√𝑁−1
𝑁
∑

𝑑=0

(

𝑏5,10,20𝑖𝑑 − 𝑝5,10,20𝑖𝑑

)2
(3)

where 𝑝5,10,20𝑖𝑑 is the mean price within each time window.
Robustness assesses the difference between the fix rates and dirty simulated benchmarks that exclude Refinitiv’s validation checks

for outliers:

𝑅𝑜𝑏𝑢𝑠𝑡𝑛𝑒𝑠𝑠5,10,20𝑖𝑦 =

√

√

√

√𝑁−1
𝑁
∑

𝑑=0

(

𝑏5,10,20𝑖𝑑 − 𝑏̃5,10,20𝑖𝑑

)2
(4)

5 We did not perform the event study analysis similar to Aspris et al. (2020) as planned in the pre-registered report because the multivariate analysis
performed permits a better understanding of how changes in market behavior cause changes in the 4 pm fixes through a more sophisticated approach. This
analysis is also novel compared to the literature. Additionally, our setting is less appropriate for an event study analysis given the absence of major events or a
change that can be used as exogenous shock.

6 The only exception are the measures at time 0, which are contemporaneous to the dependent variables.
7 Each time from −30 to 0 refers to a centered range of 5 min (e.g., −30 indicates the range of minutes from −32.5 to −27.5 relative to 4 pm UK time).
8 To avoid multicollinearity issues, we excluded the realized spread measure. For the same reason, we ran the same set of regressions with the relative spread

measure instead of the raw bid–ask spread and obtained qualitatively similar results in untabulated tests.
9 We calculate the 𝑒𝑐 𝑜𝑛𝑜𝑚𝑖𝑐_𝑒𝑣𝑒𝑛𝑡 dummy variable that incorporates important news but excludes announcements released before midday (i.e., 12 pm UK time),

eing news unlikely to significantly influence the benchmark rates. The results for the untabulated tests using this revised dummy variable are quantitatively
similar to those presented in the paper, with identical conclusions reached.

10 As we replicated a potential benchmark based on a 10- and 20-min window, we decide not to use the actual published benchmark when considering the
5-min window for consistency and computed 𝑏5𝑖𝑑 in an identical way as per 𝑏10𝑖𝑑 and 𝑏20𝑖𝑑 . The benchmark replication cannot be disclosed in the code as per the
legal agreement with Refinitiv.
3 
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where 𝑏̃5,10,20𝑖𝑑 are the simulated benchmarks without outlier exclusion.
To test these measures, we conduct 𝑡-tests to determine if they are significantly different from zero. We also compare the actual

Fix measures over a 5-min window with the extended windows (10 and 20 min) to examine variability and infer the effectiveness of
a longer benchmark window. We finally follow Benenchia et al. (2024) and also test the difference between the actual benchmark
ffectiveness measures and the same measures computed for the simulated benchmark on the extended windows (e.g., 𝑅𝑒10−5𝑖𝑦 ), and
lot the variation of the distribution through time to infer whether a benchmark calculated over an extended window would have
een more effective.

For market efficiency, we analyze price dynamics around the benchmark window using correlation analysis of short-term
eversals:

𝑀 𝑎𝑟𝑘𝑒𝑡𝐸 𝑓 𝑓 𝑖𝑐 𝑖𝑒𝑛𝑐 𝑦 = cor
(

𝑝2 − 𝑝1
𝑝1

,
𝑝3 − 𝑝2

𝑝2

)

(5)

where 𝑝1, 𝑝2, and 𝑝3 are the average prices 15 min before, during, and 15 min after the fix, respectively.

3. Empirical analysis

3.1. Sample descriptive statistics

Our analysis relies on proprietary high-frequency tick-by-tick data provided by Refinitiv, an LSEG (London Stock Exchange
Group) business, the benchmark administrator of the WMR fix. The data consists of all order book events from all the platforms
sed as data sources for the benchmarks calculated by Refinitiv. As of today, there are three platforms used by the benchmark
dministrator for the fixings; Refinitiv Matching (TR), Electronic Broking Services (EBS) and Currenex (CRNX). The unit of analysis
onsists of the major currency pairs traded on the FX market, including the most liquid across the entire market (i.e. GBP/USD,
UR/USD, and USD/CAD) and the most liquid in the Asia-Pacific region (i.e. AUD/USD, NZD/USD, and JPY/USD).11 Compared to the

studies of Evans et al. (2018) and Marsh et al. (2017), which respectively focus on 5- and 3-currency pairs only, we undertake analysis
n several additional currencies that are highly liquid and important for the Asia-Pacific region. We also access macroeconomic
ews information from the API of the Refinitiv Eikon Economic Monitor. For all the currencies in the sample, WMR calculates the
enchmark following the TCs procedure, given their high liquidity profile. The sample period available for the analysis extends over
 years, from 15 February 2015, the day in which the current methodology became effective, to the end of 2023.

The order book events available for the analysis include all trading information (new orders, cancellations, amended orders) and
characteristics (execution price and trade direction), along with the best bid and the best ask prices for each respective platform.12 All
vents are ordered sequentially at millisecond-time precision. For each trading day of analysis, key economic events highly affecting

the volatility of the involved currencies are catalogued from the Eikon Economic Monitor, which indicates a level of market impact
on a scale from 1 to 3.

3.1.1. Multivariate analysis
Regarding the multivariate analysis on the actual published 4 pm Fix benchmark, Table 1 presents the descriptive statistics for

he liquidity variables of interest (i.e., 𝑏𝑎𝑠, 𝑒𝑠𝑝𝑟𝑒𝑎𝑑, and 𝑝𝑖) at each time horizon, as well as the control variables (i.e., 𝑒𝑐 𝑜𝑛_𝑒𝑣𝑒𝑛𝑡,
𝑡𝑟, 𝑚𝑜𝑛𝑡ℎ_𝑒𝑛𝑑, and 𝑣𝑜𝑙 𝑎𝑡𝑖𝑙 𝑖𝑡𝑦).

The statistics for the bid–ask spread (𝑏𝑎𝑠) show a mean value ranging from 1.0987 at the 0-min horizon (𝑏𝑎𝑠0 within the 5-min
enchmark window) to 1.3541 at the 30-min horizon (𝑏𝑎𝑠30 which is calculated 30 min before the benchmark window begins). The
tandard deviation increases over time as expected, indicating greater variability in the bid–ask spread as the time horizon extends.
he median values are relatively stable, with a slight increase over time, while the minimum and maximum values show substantial
ariation, particularly at 𝑏𝑎𝑠25 with a maximum of 15.9643. Skewness and kurtosis values are notably high at certain horizons,
specially for 𝑏𝑎𝑠25, suggesting a distribution with extreme outliers.

For the effective spread (𝑒𝑠𝑝𝑟𝑒𝑎𝑑), the mean values are close to zero across all time horizons, with 𝑒𝑠𝑝𝑟𝑒𝑎𝑑0 at 0.0069 and
𝑠𝑝𝑟𝑒𝑎𝑑30 at −0.0003. The standard deviations are higher than the mean values, indicating significant variability in the effective
pread. The skewness and kurtosis values for 𝑒𝑠𝑝𝑟𝑒𝑎𝑑 are extreme, particularly for 𝑒𝑠𝑝𝑟𝑒𝑎𝑑25, which shows a skewness of −5.8485
nd kurtosis of 262.2838, indicating a highly skewed distribution with heavy tails.

The price impact (𝑝𝑖) exhibits mean values of approximately 0.006, with 𝑝𝑖0 at 0.0060 and 𝑝𝑖30 at 0.0036. The standard deviations
increase significantly at longer horizons, reflecting greater variability. The skewness and kurtosis values for 𝑝𝑖 are exceptionally high,
particularly at 𝑝𝑖15 with skewness of 33.8447 and kurtosis of 2775.1285, indicating a distribution with extreme outliers.

The control variables also display interesting statistics. The economic event indicator (𝑒𝑐 𝑜𝑛_𝑒𝑣𝑒𝑛𝑡) has a mean of 0.7918 and a
tandard deviation of 0.4061, suggesting frequent economic events during the sample period (i.e., on 79% of trading days). The
rder-to-trade ratio (𝑜𝑡𝑟) shows a mean of 1.0047 with a standard deviation of 0.7468, indicating the distribution of trading activity
elative to orders placed. The month-end indicator (𝑚𝑜𝑛𝑡ℎ_𝑒𝑛𝑑) has a mean of 0.0467, reflecting the lower number of month-end
ays in the dataset, which are of particular interest for examining benchmark design effectiveness. Lastly, the volatility measure
𝑣𝑜𝑙 𝑎𝑡𝑖𝑙 𝑖𝑡𝑦) has a mean of 0.0007 and a very low standard deviation of 0.0005, with skewness and kurtosis indicating the presence
f rare but extreme volatility spikes.

11 We exclude the CNH/USD given its very low liquidity compared to the other currencies.
12 We are unable to compute the market depth variable of interest given the absence of relevant data.
4 
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Table 1
Descriptive statistics for multivariate analysis. This table summarizes the main descriptive statistics for the liquidity variables and for the control variables used
in the multivariate analysis. The bid–ask spread (bas), the effective spread (espread) and the price impact (pi) have been calculated at different time horizons,
from 0 referring to the centered range of 5 min around 4 pm UK time, to 30 referring to the range −32.5 min to −27.5 min relative to 4 pm UK time. bas is
alculated as the difference between the ask and the bid prices; espread is computed as two times the difference between the transaction price and the prevailing

quote midpoint; pi is measured as two times the difference between the prevailing midpoint 20 s after the trade and the quote midpoint; 𝑚𝑜𝑛𝑡ℎ_𝑒𝑛𝑑 is a dummy
variable taking the value of 1 when the observation refers to the last trading weekday of the month and 0 otherwise; 𝑣𝑜𝑙 𝑎𝑡𝑖𝑙 𝑖𝑡𝑦 is measured as the standard
deviation of prices within the fixing window; 𝑒𝑐 𝑜𝑛_𝑒𝑣𝑒𝑛𝑡 is a dummy variable taking the value of 1 when there is a macroeconomic announcement for the
underlying US Dollar or for the currency in question during day 𝑑 and 0 otherwise; and 𝑜𝑡𝑟 is the order-to-trade ratio calculated as the total number of limit
orders divided by that of the market orders within the benchmark window. The sample period spans from 15 February 2015 to 31 December 2023.

Statistic 𝑏𝑎𝑠0 𝑏𝑎𝑠5 𝑏𝑎𝑠10 𝑏𝑎𝑠15 𝑏𝑎𝑠20 𝑏𝑎𝑠25 𝑏𝑎𝑠30
Mean 1.0987 1.2598 1.2662 1.2657 1.2695 1.2708 1.3541
St. Dev. 0.3695 0.4751 0.4839 0.4883 0.4864 0.5228 0.5584
Median 1.0755 1.1658 1.1667 1.1563 1.1667 1.1667 1.2368
Min 0.3422 0.3495 0.3000 0.3000 0.3000 0.3103 0.3400
Max 4.5836 6.1818 5.8889 7.6000 6.0000 15.9643 7.7500
Q25 0.7945 0.9103 0.9167 0.9127 0.9167 0.9167 0.9643
Q75 1.3198 1.5439 1.5417 1.5455 1.5556 1.5392 1.6818
Skewness 1.0235 1.1759 1.2565 1.3398 1.2567 3.9771 1.2566
Kurtosis 5.7776 6.1830 6.6537 8.2008 6.6639 79.8405 6.4240

𝑒𝑠𝑝𝑟𝑒𝑎𝑑0 𝑒𝑠𝑝𝑟𝑒𝑎𝑑5 𝑒𝑠𝑝𝑟𝑒𝑎𝑑10 𝑒𝑠𝑝𝑟𝑒𝑎𝑑15 𝑒𝑠𝑝𝑟𝑒𝑎𝑑20 𝑒𝑠𝑝𝑟𝑒𝑎𝑑25 𝑒𝑠𝑝𝑟𝑒𝑎𝑑30
Mean 0.0069 0.0065 0.0067 0.0068 0.0037 0.0002 −0.0003
St. Dev. 0.2770 0.3204 0.3732 0.4172 0.3603 0.3714 0.4373
Median 0.0074 0.0080 0.0077 0.0076 0.0076 0.0077 0.0074
Min −8.0165 −6.9885 −8.4491 −11.3881 −7.4090 −11.9938 −9.8293
Max 4.6359 7.4417 7.6472 10.5345 7.6704 7.6372 8.7341
Q25 0.0031 0.0024 0.0020 0.0020 0.0019 0.0020 −0.0055
Q75 0.0105 0.0120 0.0120 0.0120 0.0120 0.0122 0.0200
Skewness −3.8352 −1.8904 −1.1803 −0.9956 −0.8533 −5.8485 −2.1324
Kurtosis 207.3052 148.2802 191.7109 213.4640 186.1406 262.2838 112.9515

𝑝𝑖0 𝑝𝑖5 𝑝𝑖10 𝑝𝑖15 𝑝𝑖20 𝑝𝑖25 𝑝𝑖30
Mean 0.0060 0.0065 0.0061 0.0058 0.0055 0.0062 0.0036
St. Dev. 0.0073 0.0155 0.0150 0.0259 0.0325 0.0535 0.1049
Median 0.0048 0.0043 0.0038 0.0035 0.0035 0.0035 0.0024
Min −0.0666 −0.7409 −0.1595 −0.7007 −2.0037 −1.6436 −2.1374
Max 0.0999 0.1480 0.5168 2.0051 0.7574 1.6711 1.4378
Q25 0.0011 0.0000 −0.0006 −0.0008 −0.0008 −0.0009 −0.0026
Q75 0.0096 0.0116 0.0115 0.0110 0.0110 0.0112 0.0130
Skewness 1.1816 −14.4694 4.2806 33.8447 −24.7034 2.3604 −2.4936
Kurtosis 12.8135 712.6879 126.0071 2775.1285 1487.9242 403.7888 79.7447

𝑜𝑡𝑟 𝑒𝑐 𝑜𝑛_𝑒𝑣𝑒𝑛𝑡 𝑚𝑜𝑛𝑡ℎ_𝑒𝑛𝑑 𝑣𝑜𝑙 𝑎𝑡𝑖𝑙 𝑖𝑡𝑦
Mean 1.0047 0.7918 0.0467 0.0007
St. Dev. 0.7468 0.4061 0.2111 0.0005
Median 0.9383 1.0000 0.0000 0.0006
Min −1.5861 0.0000 0.0000 0.0000
Max 5.4765 1.0000 1.0000 0.0123
Q25 0.5197 1.0000 0.0000 0.0004
Q75 1.4043 1.0000 0.0000 0.0009
Skewness 0.7699 −1.4370 4.2944 4.7019
Kurtosis 4.9734 3.0651 19.4416 60.8783

3.1.2. Univariate analysis
The descriptive statistics for the univariate analysis, which includes the measures of representativeness, attainability, and

obustness across different currency pairs expressed in pips, are presented in Table 2. Representativeness, as indicated by the mean
alues, suggests varying degrees of alignment with the underlying market across different currencies. For instance, the AUDUSD pair
hows a mean of −0.4609 for 𝑅𝑒10𝑖𝑑 , −0.4639 for 𝑅𝑒20𝑖𝑑 , and −0.4674 for 𝑅𝑒5𝑖𝑑 , indicating a consistent but slightly negative deviation

from the benchmark. The variability of this measure is high, as shown by the standard deviations exceeding 19, implying significant
fluctuations in how well the benchmark represents the market.

Attainability reflects the ease with which market participants can replicate benchmark prices. For AUDUSD, the standard
deviation values for 𝐴10

𝑖𝑑 , 𝐴20
𝑖𝑑 , and 𝐴5

𝑖𝑑 are 0.5804, 0.8339, and 0.4587, respectively, suggesting moderate to high variability in
eplication accuracy. The skewness and kurtosis values indicate the distribution characteristics of these measures, with AUDUSD

showing positive skewness and high kurtosis, particularly for 𝐴5
𝑖𝑑 , where skewness is 1.7844, and kurtosis is 37.2867, indicating a

eavy-tailed distribution.
Robustness, as assessed by the robustness measures (𝑅𝑜𝑖𝑑), reveals the benchmark’s resilience to market manipulation. The mean

values for AUDUSD are positive or near zero, with a mean of 0.0196 for 𝑅𝑜10, −0.0062 for 𝑅𝑜20, and 0.0102 for 𝑅𝑜5 . The high
𝑖𝑑 𝑖𝑑 𝑖𝑑
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Table 2
Descriptive statistics for benchmark effectiveness measures. This table summarizes the main descriptive statistics for the benchmark dimensions, with 𝑅𝑒5,10,20𝑖 ,

5,10,20
𝑖 , 𝑅𝑜5,10,20𝑖 being respectively the benchmark representativeness, attainability and robustness at 5, 10 and 20 min by currency i, and calculated as the

oot mean square error between the benchmark rates and the mean trade price of day 𝑑, the mean trade price within each time window, and the simulated
benchmarks without outlier exclusion, respectively. The sample period spans from 15 February 2015 to 31 December 2023.

Statistic 𝑅𝑒5𝑖 𝑅𝑒10𝑖 𝑅𝑒20𝑖 𝐴5
𝑖 𝐴10

𝑖 𝐴20
𝑖 𝑅𝑜5𝑖 𝑅𝑜10𝑖 𝑅𝑜20𝑖

Panel A: AUDUSD
Mean −0.4674 −0.4609 −0.4639 0.0068 0.0240 0.0038 0.0102 0.0196 −0.0062
St. Dev. 19.1279 19.0741 19.0207 0.4587 0.5804 0.8339 0.3886 0.5762 0.8450
Median −0.3080 −0.2456 −0.3080 0.0040 0.0137 0.0128 0.0081 0.0116 0.0123
Min −91.5487 −90.2987 −89.2857 −2.5081 −3.7942 −12.0616 −2.2795 −3.9651 −10.6722
Max 119.5350 127.2850 130.7850 7.5719 7.0031 5.9403 6.8885 6.7920 6.3707
Q25 −11.5022 −11.5251 −11.5016 −0.2179 −0.2576 −0.3860 −0.1698 −0.2549 −0.3911
Q75 10.8435 10.6815 10.6637 0.2322 0.3035 0.4009 0.1977 0.3023 0.4000
Skewness −0.0387 −0.0066 0.0168 1.7844 0.9991 −1.9509 2.3261 0.7337 −1.1285
Kurtosis 5.0872 5.2323 5.2880 37.2867 19.8522 32.6697 48.8856 16.2513 21.9109

Panel B: USDCAD
Mean 0.7088 0.7329 0.7238 0.0037 0.0064 0.0411 −0.0027 0.0089 0.0327
St. Dev. 19.1226 19.0060 18.8298 0.7039 0.8698 1.2854 0.6119 0.8958 1.3029
Median 0.3518 0.4160 0.2334 0.0136 0.0000 −0.0025 0.0055 0.0000 −0.0074
Min −93.0634 −90.5634 −89.0634 −4.0253 −6.2538 −9.9806 −3.8030 −7.3598 −7.5909
Max 88.9699 86.8317 85.3317 8.2495 8.4541 11.0288 6.8974 9.9561 9.4662
Q25 −10.6429 −10.4919 −10.3363 −0.3571 −0.4411 −0.6062 −0.2931 −0.4341 −0.6257
Q75 11.4641 11.3462 11.2711 0.3641 0.4157 0.6511 0.2857 0.4320 0.6639
Skewness 0.0875 0.0786 0.0655 0.7624 0.4214 0.3250 0.8431 0.5859 0.5587
Kurtosis 4.5660 4.5302 4.4818 15.6425 11.0536 9.7305 16.1633 13.8574 8.1734

Panel C: EURUSD
Mean −1.2916 −1.2668 −1.1939 0.0444 0.0169 −0.0457 0.0231 −0.0275 −0.0834
St. Dev. 20.6642 20.5393 20.3364 0.5497 0.7346 1.0122 0.4534 0.7359 1.0681
Median −1.0335 −1.0429 −0.7686 0.0567 0.0479 0.0103 0.0312 0.0060 −0.0207
Min −142.5822 −142.8072 −143.4572 −10.6155 −10.8807 −8.8285 −3.8850 −7.4530 −10.1210
Max 123.9984 123.9984 121.2484 2.8181 4.2526 5.2092 2.8268 5.2180 5.2627
Q25 −12.8337 −12.7747 −12.5390 −0.1820 −0.2762 −0.4494 −0.1772 −0.3581 −0.5552
Q75 10.5566 10.5566 10.6176 0.2877 0.3578 0.4368 0.2381 0.3449 0.4333
Skewness −0.1336 −0.1255 −0.1307 −3.5725 −2.7858 −1.2800 −0.3445 −0.9794 −0.7910
Kurtosis 6.2786 6.3460 6.3519 69.0132 38.7408 13.9390 9.1311 13.7363 11.0096

Panel D: GBPUSD
Mean −1.1678 −1.1565 −1.1145 0.0337 0.0153 −0.0726 0.0064 −0.0196 −0.0591
St. Dev. 27.1643 27.0355 26.8180 0.8349 1.0907 1.6280 0.7164 1.1316 1.6388
Median −0.5054 −0.4920 −0.3961 0.0117 0.0423 0.0044 0.0086 0.0122 0.0000
Min −204.0105 −200.0105 −197.2605 −6.2387 −15.1253 −21.6268 −8.5602 −15.5187 −23.3351
Max 111.7004 111.2004 109.7004 6.5257 5.1784 7.7393 4.9605 5.5070 8.7963
Q25 −16.9465 −16.7248 −16.4022 −0.3793 −0.4593 −0.6678 −0.3023 −0.4632 −0.6883
Q75 14.3618 14.3279 14.4663 0.4385 0.5272 0.6475 0.3050 0.4597 0.6387
Skewness −0.2968 −0.2801 −0.2767 −0.0157 −1.8170 −3.4847 −0.8173 −2.4182 −2.9334
Kurtosis 6.0828 5.9976 5.9456 10.2927 27.1791 42.6794 18.2511 35.5837 37.1498

Panel E: JPYUSD
Mean 1.3156 1.3027 1.2983 0.0401 0.0405 0.0666 0.0195 0.0298 0.0388
St. Dev. 27.4604 27.3401 27.1744 0.5605 0.6864 1.0900 0.4698 0.7079 1.0741
Median 1.5244 1.5139 1.5815 0.0444 0.0214 0.0357 0.0200 0.0147 0.0070
Min −191.4123 −187.6623 −185.6623 −10.4003 −4.5656 −8.6954 −8.0702 −4.0231 −5.5517
Max 128.4154 128.4154 128.2904 3.7917 5.5862 22.6815 2.8249 5.5815 20.0794
Q25 −12.5237 −12.5444 −12.4770 −0.2052 −0.2949 −0.4162 −0.1877 −0.3212 −0.4435
Q75 15.1530 15.2334 15.2462 0.2798 0.3532 0.4898 0.2286 0.3615 0.4675
Skewness −0.3362 −0.3311 −0.3415 −2.3443 0.4016 4.1164 −2.0794 0.3835 3.2591
Kurtosis 7.6392 7.6013 7.5492 59.2836 10.1989 88.7180 44.8463 8.4220 60.8549

Panel F: NZDUSD
Mean −0.0023 −0.0113 −0.0238 0.0139 0.0182 0.0153 0.0057 0.0137 −0.0018
St. Dev. 17.7290 17.6778 17.6643 0.5957 0.6885 0.9543 0.4313 0.5910 0.8171
Median −0.2901 −0.2744 −0.3778 0.0196 0.0166 0.0390 0.0000 0.0000 0.0189
Min −95.0401 −94.5401 −94.2901 −5.4227 −7.3711 −11.6199 −4.8000 −6.7336 −10.3785
Max 142.9298 145.1798 147.9298 4.1667 5.6067 6.4488 2.8119 3.8860 5.2626
Q25 −10.3849 −10.3714 −10.4263 −0.3333 −0.3542 −0.4204 −0.2162 −0.2692 −0.3524
Q75 10.2019 10.2093 10.2415 0.3556 0.3961 0.4545 0.2469 0.3000 0.3750
Skewness 0.3778 0.3917 0.4023 −0.4090 −0.3901 −1.2864 −0.9622 −0.7418 −1.6716
Kurtosis 6.3979 6.4924 6.5931 10.3513 13.4392 23.7527 16.0851 15.5597 26.1588
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Table 3
OLS panel regression results. This table reports the results of the following OLS panel regression analysis:

𝑌 𝑡
𝑖𝑑 = 𝛼𝑡 + 𝛽𝑡1𝑋

𝑡
𝑖𝑑 + 𝛽𝑡2𝐾

𝑡
𝑑 + 𝛽𝑡3𝐾

𝑡
𝑑𝑋

𝑡
𝑖𝑑 + 𝛿𝑡𝐶 𝑡

𝑖𝑑 + 𝛾 𝑡𝐹 𝐸𝑡
𝑖𝑑 + 𝜖𝑡𝑖𝑑

where 𝑡 represents each 5-min interval considered for the calculation of market quality measures, from 30 min before the start of
the benchmark window to 4 pm UK time. 𝑌 𝑡

𝑖𝑑 represents the natural logarithm of the actual published 4 pm Fix benchmark rate
for the currency pair 𝑖 in a given day 𝑑. 𝑋𝑖𝑑 is a vector of the three market quality metrics (i.e., bid–ask spread, effective spread,
and price impact). 𝐾𝑑 is a dummy variable taking the value of 1 when the observation refers to the last trading weekday of the
month and 0 otherwise. Our variables of interest are the interaction terms between 𝐾𝑑 and 𝑋𝑖𝑑 at each time 30-min before the
window through to 5 min around 4 pm UK time, capturing the marginal predictive power of the benchmark from changes in
market behavior at month-end. 𝐶𝑖𝑑 is the vector of control variables for currency 𝑖 on day 𝑑 (i.e., volatility, order-to-trade ratio
and a dummy variable capturing major macroeconomic news influencing the benchmark rates). The sample period spans from
15 February 2015 to 31 December 2023. White (1980) standard errors are reported in parentheses, while ***, ** and * denote
significance at 1%, 5% and 10%, respectively. All currencies are pooled together.
Variables 4 pm Fix benchmark (ln)

𝑡0 𝑡5 𝑡10 𝑡15 𝑡20 𝑡25 𝑡30

𝑏𝑎𝑠 (pips) 0.1056 0.0600 0.0549 0.0508 0.0519 0.0393 0.0414
(0.058)* (0.042) (0.039) (0.039) (0.040) (0.031) (0.031)

𝑒𝑠𝑝𝑟𝑒𝑎𝑑 (bps) −0.0022 −0.0017 −0.0030 −0.0006 −0.0010 −0.0017 −0.0004
(0.000)*** (0.001)** (0.001)*** (0.000)* (0.001) (0.001)** (0.001)

𝑝𝑖 (bps) −0.5092 −0.1752 −0.2682 −0.0572 −0.0265 −0.0115 −0.0021
(0.168)*** (0.075)** (0.097)*** (0.037) (0.021) (0.010) (0.004)

𝑏𝑎𝑠 × 𝑚𝑜𝑛𝑡ℎ_𝑒𝑛𝑑 0.0068 0.0201 0.0105 0.0142 0.0147 0.0208 0.0088
(0.005) (0.007)*** (0.008) (0.008)* (0.007)** (0.012)* (0.003)***

𝑒𝑠𝑝𝑟𝑒𝑎𝑑 × 𝑚𝑜𝑛𝑡ℎ_𝑒𝑛𝑑 −0.0072 0.0023 0.0121 −0.0044 −0.0076 −0.0103 −0.0023
(0.002)*** (0.006) (0.007)* (0.002)*** (0.001)*** (0.004)*** (0.007)

𝑝𝑖 × 𝑚𝑜𝑛𝑡ℎ_𝑒𝑛𝑑 0.7033 −0.2627 0.2378 −0.2608 −0.2124 −0.6533 0.0017
(0.265)*** (0.143)* (0.179) (0.197) (0.107)** (0.218)*** (0.025)

𝑜𝑡𝑟 (ln) −0.0031 0.0067 0.0066 0.0072 0.0073 0.0081 0.0077
(0.004) (0.005) (0.006) (0.006) (0.006) (0.007) (0.006)

𝑣𝑜𝑙 𝑎𝑡𝑖𝑙 𝑖𝑡𝑦 −23.3181 −16.3762 −14.5386 −15.0000 −15.2573 −14.0469 −14.0334
(2.341)*** (3.947)*** (5.223)*** (5.302)*** (4.784)*** (5.800)** (5.521)**

𝑒𝑐 𝑜𝑛𝑜𝑚𝑖𝑐_𝑒𝑣𝑒𝑛𝑡 −0.0021 −0.0018 −0.0020 −0.0021 −0.0014 −0.0017 −0.0021
(0.001) (0.002) (0.002) (0.002) (0.001) (0.002) (0.002)

Currency-year fixed effects Yes Yes Yes Yes Yes Yes Yes
R2 13.48% 8.82% 8.35% 7.37% 7.59% 6.04% 6.66%
# Obs. 13,722 13,482 13,377 13,324 13,284 13,340 13,335

standard deviation values (e.g., 0.5762 for 𝑅𝑜10𝑖𝑑 ) and extreme kurtosis values (e.g., 48.8856 for 𝑅𝑜5𝑖𝑑) indicate significant outlier
influence, which might affect the benchmark’s robustness.

For the USDCAD pair, the mean values for attainability measures are generally positive, with 𝐴10
𝑖𝑑 at 0.0064, 𝐴20

𝑖𝑑 at 0.0411, and
𝐴5
𝑖𝑑 at 0.0037, suggesting that the benchmarks are attainable to a certain degree. However, the standard deviation values indicate

ubstantial variability in this attainability. Representativeness measures for USDCAD show a mean of approximately 0.7 for different
horizons, with a standard deviation close to 19, similar to AUDUSD.

EURUSD and GBPUSD pairs exhibit different statistical profiles. EURUSD’s mean values for representativeness are notably
egative, indicating a significant deviation from the underlying market, with standard deviations of approximately 20, reflecting high
ariability. GBPUSD shows a mean of −1.1565 for 𝑅𝑒10𝑖𝑑 with a standard deviation of 27.0355, indicating both a substantial deviation

and high variability. For the JPYUSD pair, the attainability and robustness measures indicate positive mean values and relatively
high standard deviations, suggesting a complex interaction between market conditions and benchmark replication. The skewness
nd kurtosis for 𝐴20

𝑖𝑑 are particularly high (4.1164 and 88.7180, respectively), indicating a significant presence of outliers and a
kewed distribution. Finally, the NZDUSD pair presents a mix of positive and negative mean values across the different measures.
he standard deviations are lower compared to other pairs, suggesting less variability linked to its lower levels of liquidity.

It is important to note that such findings are consistent with the established characteristics of FX markets. The literature
demonstrates that FX markets are often characterized by excess kurtosis and skewness, reflecting the presence of heavy tails
and asymmetry in return distributions (Chiang et al., 2007; Celick, 2012). This is particularly true during high-volatility periods
and around 4 pm, where sharp price movements and liquidity imbalances can occur. Further, large standard deviations and
extremes in the minimum and maximum values are expected due to the highly volatile nature of the FX market. In particular,
the representativeness measure employed compares the benchmark rate (calculated at 4 pm) to the mean price of the day, which
can fluctuate significantly throughout the trading day. Therefore, it is not uncommon for the mean price of the day to differ vastly
from the 4 pm benchmark, resulting in higher variability in our data. The other two measures present consistent variation with prior
studies (e.g., Evans, 2018). Finally, the metrics show consistent variations across all currencies, providing further evidence that the
data do not contain errors but instead confirm the inherent characteristics of the FX market, supported by the descriptive statistics.
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3.2. Main confirmatory analysis (pre-registered)

3.2.1. Multivariate analysis
The multivariate analysis on the actual published 4 pm Fix benchmark presented in Table 3 examines the relationship

between various market quality metrics and the benchmark rate at different time intervals surrounding the benchmark window.
The model developed for this analysis uses a panel multivariate regression estimation, incorporating market quality metrics
ncluding the bid–ask spread (𝑏𝑎𝑠), effective spread (𝑒𝑠𝑝𝑟𝑒𝑎𝑑), and price impact (𝑝𝑖) as regressors. Additionally, the model includes

control variables including the order-to-trade ratio (𝑜𝑡𝑟), volatility (𝑣𝑜𝑙 𝑎𝑡𝑖𝑙 𝑖𝑡𝑦), and a macroeconomic announcement variable
(𝑒𝑐 𝑜𝑛𝑜𝑚𝑖𝑐_𝑒𝑣𝑒𝑛𝑡), along with fixed effects for currency and time. Following Galati (2024), robust standard errors are computed
through the heteroskedasticity-consistent covariance matrix approach of White (1980).

The bid–ask spread (𝑏𝑎𝑠) shows a positive relationship with the benchmark rate across all time intervals, with coefficients ranging
rom 0.1056 at 𝑡0 to 0.0414 at 𝑡30. The effective spread (𝑒𝑠𝑝𝑟𝑒𝑎𝑑), a proxy for implicit transaction costs for liquidity takers, on the
ther hand, exhibits a negative relationship with the benchmark rate, with coefficients ranging from −0.0022 at 𝑡0 to −0.0004 at
30. The coefficients are highly significant at various levels. The price impact (𝑝𝑖), a proxy for adverse selection costs between market

participants, also exhibits coefficients decreasing from −0.5092 at 𝑡0 to −0.0021 at 𝑡30, with significant coefficients at the initial
time intervals. These results, altogether, suggest that transaction and adverse selection costs can provide significant information
regarding the level of the published benchmark rates only in periods close to the benchmark window, and is statistically significant
within that proximity.

The interaction terms, our variables of interest, between the bid–ask spread and the month-end (𝑏𝑎𝑠×𝑚𝑜𝑛𝑡ℎ_𝑒𝑛𝑑) reveal significant
coefficients, indicating that the month-end effect amplifies the predictive power of liquidity on the benchmark rate. Similarly, the
interaction terms for the effective spread and month-end (𝑒𝑠𝑝𝑟𝑒𝑎𝑑 × 𝑚𝑜𝑛𝑡ℎ_𝑒𝑛𝑑) show mixed results, with significant coefficients at
some intervals. The interaction terms for the price impact and month-end (𝑝𝑖 × 𝑚𝑜𝑛𝑡ℎ_𝑒𝑛𝑑) also present significant coefficients at
various intervals. These findings suggest a complex relationship between transaction and adverse selection costs, month-end effects,
and the benchmark rate.

The order-to-trade ratio (𝑜𝑡𝑟) within the benchmark 5-min window shows mostly positive but insignificant coefficients, indicating
that it does not have substantial predictive power on the benchmark rate. Volatility (𝑣𝑜𝑙 𝑎𝑡𝑖𝑙 𝑖𝑡𝑦) within the benchmark 5-min
window, however, exhibits highly significant coefficients across all intervals, implying that volatility during the window is a
significant component, as expected, of the benchmark rate. The macroeconomic announcement variable (𝑒𝑐 𝑜𝑛𝑜𝑚𝑖𝑐_𝑒𝑣𝑒𝑛𝑡) shows
mostly insignificant coefficients, indicating that macroeconomic announcements do not have a consistent or significant impact on
the benchmark rate.13

The model also includes fixed effects to control for currency and time, ensuring that the observed relationships are not driven
by unobserved heterogeneity. The 𝑅2 values range from 6.04% to 13.48%, indicating the proportion of variance explained by the
model at different time intervals. The number of observations varies slightly across the time intervals, ranging from 13,284 to
13,722, reflecting the diverse liquidity of currencies and trading activity in different time horizons. Overall, this multivariate analysis
rovides insights into the predictive power of market quality metrics on the benchmark rate, highlighting the significance of the
id–ask spread, effective spread, price impact, and volatility, while accounting for month-end effects, the order-to-trade ratio, and

macroeconomic announcements.

3.2.2. Univariate analysis
In the univariate analysis, we perform a series of Student 𝑡-tests on the differences among each of the three benchmark dimensions

(representativeness, attainability, and robustness) calculated around a 10- and 20-min benchmark window with respect to the same
easure within the actual 5-min benchmark window. Each analysis is executed with and without distinction between normal and

nd-of-month trading days to assess the critical end-of-month trading behavior.
Tables 4, 5, and 6 present the results of the 𝑡-tests on the representativeness, attainability and robustness differences, respectively,

isentangling between all trading days, normal trading days, and end-of-month trading days. For all currencies, the results focusing
n all trading days are consistent with the results on normal trading days.

All currencies tend to show non-significant results regarding the differences in the representativeness dimension, leading us to
accept the null hypothesis that the differences are equal to 0, supporting the effectiveness of the benchmark calculated with the
current 5-min window methodology. We only observe a few exceptions for EURUSD and GBPUSD in the differences between the
measures calculated through the 20- and 5-min periods. End-of-month results provide evidence that the simulated benchmarks based
on 10- and 20-min windows do not deviate from the 4 pm Fix rate calculated following the current 5-min method, suggesting that
he benchmark representativeness does not improve as the window widens, even when considering the crucial and substantially
ifferent end-of-month trading activity.

When examining differences in the attainability dimension, we obtain significant results. This proxy measures how easily traders
an replicate the benchmark by observing market prices. During normal trading days, and with only very few exceptions, all
urrencies show statistically significant results on the tested differences, with some variability in the sign of the estimates across
urrencies. The positive sign of the estimates for AUDUSD, USDCAD, JPYUSD and NZDUSD indicates that attainability worsens as

13 We conduct a correlation analysis to assess the relationship between the macroeconomic news variable and the other variables in the model. The analysis
indicates that the macroeconomic news variable is not strongly correlated with the other variables included in the model.
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Table 4
This table reports the 𝑡-test results by currency on the difference between the benchmark representativeness calculated on a
10-min window and on a 20-min window relative to the representativeness calculated on a 5-min window. Representativeness
is measured as

𝑅𝑒𝑝𝑟𝑒𝑠𝑒𝑛𝑡𝑎𝑡𝑖𝑣𝑒𝑛𝑒𝑠𝑠5,10,20𝑖𝑦 =
√

𝑁−1 ∑𝑁
𝑑=0

(

𝑏5,10,20𝑖𝑑 − 𝑝𝑑𝑖𝑑
)2

where 𝑁 is the number of trading days in year 𝑦, 𝑏5,10,20𝑖𝑑 are the fix rates for 5, 10, and 20-min windows, and 𝑝𝑑𝑖𝑑 is the mean
trade price for currency 𝑖 on day 𝑑. The sample period spans from 15 February 2015 to 31 December 2023. ***, ** and * denote
significance at 1%, 5% and 10%, respectively.

Representativeness (𝑅𝑒𝑖)
All trading days Normal trading days End-of-Month trading days

10 - 5 20 - 5 10 - 5 20 - 5 10 - 5 20 - 5
Panel A: AUDUSD
Mean 0.0065 0.0035 0.0109 0.0119 −0.0829 −0.1682
𝑡-test 0.2753 0.1483 0.4379 0.4799 −0.1790 −0.3660
# Obs. 4578 4578 4364 4364 214 214

Panel B: USDCAD
Mean 0.0241 0.0150 0.0188 0.0063 0.1320 0.1928
𝑡-test 1.0223 0.6404 0.7644 0.2575 0.2373 0.3490
# Obs. 4578 4578 4364 4364 214 214

Panel C: EURUSD
Mean 0.0248 0.0977 0.0358 0.1205 −0.2000 −0.3675
𝑡-test 0.9730 3.8574*** 1.3432 4.5419*** −0.3520 −0.6600
# Obs. 4578 4578 4364 4364 214 214

Panel D: GBPUSD
Mean 0.0114 0.0533 0.0368 0.1113 −0.5082 −1.1297
𝑡-test 0.3392 1.5980 1.0448 3.1692** −0.8032 −1.7938
# Obs. 4578 4578 4364 4364 214 214

Panel E: JPYUSD
Mean −0.0129 −0.0173 −0.0211 −0.0347 0.1540 0.3383
𝑡-test −0.3806 −0.5122 −0.5945 −0.9828 0.2030 0.4473
# Obs. 4578 4578 4364 4364 214 214

Panel F: NZDUSD
Mean −0.0090 −0.0215 −0.0047 −0.0077 −0.0900 −0.2944
𝑡-test −0.4091 −0.9801 −0.2030 −0.3315 −0.2073 −0.6848
# Obs. 4561 4561 4347 4347 214 214

the window considered for the benchmark calculation widens. The opposite can be inferred for GPBUSD and EURUSD. Focusing on
he end-of-month days, instead, only EURUSD and GBPUSD continue to report a strong significance, again confirming a negative
ign of the estimates and the consequent improvement in attainability as the window is widened.

The significant results on the robustness dimension on normal trading days almost completely lose significance when focusing
only on the end-of-month days. On normal trading days, 𝑡-tests indicate statistically significant results with positive estimates for
AUDUSD, USDCAD, JPYUSD and NZDUSD, suggesting a greater robustness of the benchmark if calculated over a wider benchmark

indow. Both EURUSD and GBPUSD, instead, indicate significant but negative estimates, suggesting that the benchmark calculated
n a 5-min window is more robust than those computed on longer time windows. End-of-month results, with the exception of
BPUSD and NZDUSD, confirm the interpretations from normal trading days. These end-of-month results are statistically significant,

and so do not exclude, on average, the possibility of the same degree of robustness regardless of the window length.
Existing literature highlights distinct price dynamics around the 4 pm fix, characterized by short-term spikes and subsequent

reversals (Evans, 2018). Evans et al. (2018) investigate these reversals through correlation analysis and find that market efficiency
round the 4 pm fix has significantly improved during their sample period. According to Evans et al. (2018), one possible explanation

is the elimination of collusive behavior, but another factor could be the extended duration of the fix, which provides additional
time for liquidity shocks to subside. While this provides compelling evidence supporting the extension of the window within which
benchmark rates are measured, the authors do not seek to establish any causal inferences for this improvement, as it falls beyond
the scope of their analysis. Accordingly, it is not the objective of this study to do so either.

Fig. 7 presents the results of replicating the autocorrelation analysis performed by Evans et al. (2018), extending the calculation
to date and to other relevant currencies such as those of the Asia-Pacific region. The market efficiency measure computed, as stated
in Section 2.2, captures the presence of short-term price reversals surrounding the fixing window. The absence of serial dependence
on price changes is driven by efficient market functioning, as evidenced by Evans et al. (2018) after the implementation of the
new methodology in 2015. Our analysis confirms the findings of Evans et al. (2018) in every quarter of the analysis, excluding a
few exceptions mainly in 2020 and 2021. These quarters report an autocorrelation coefficient that is not statistically significant,
upporting the efficiency of the benchmark calculated following the current WMR methodology.
9 
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Table 5
This table reports the 𝑡-test results by currency on the difference between the benchmark attainability calculated on a 10-min
window and on a 20-min window relative to the attainability calculated on a 5-min window. Attainability is measured as

𝐴𝑡𝑡𝑎𝑖𝑛𝑎𝑏𝑖𝑙 𝑖𝑡𝑦5,10,20𝑖𝑦 =
√

𝑁−1 ∑𝑁
𝑑=0

(

𝑏5,10,20𝑖𝑑 − 𝑝5,10,20𝑖𝑑

)2

where 𝑁 is the number of trading days in year 𝑦, 𝑏5,10,20𝑖𝑑 are the fix rates for 5, 10, and 20-min windows, and 𝑝5,10,20𝑖𝑑 is the mean
price within each time window. The sample period spans from 15 February 2015 to 31 December 2023. ***, ** and * denote
significance at 1%, 5% and 10%, respectively.

Attainability (𝐴𝑖)

All trading days Normal trading days End-of-Month trading days

10 - 5 20 - 5 10 - 5 20 - 5 10 - 5 20 - 5
Panel A: AUDUSD
Mean 0.0172 −0.0031 0.0199 −0.0021 −0.0385 −0.0234
𝑡-test 26.5993*** −3.7122*** 30.6585*** −2.4341* −1.7069* −1.0331
# Obs. 4578 4578 4364 4364 214 214

Panel B: USDCAD
Mean 0.0027 0.0374 −0.0010 0.0362 0.0777 0.0610
𝑡-test 2.7416** 29.1677*** −1.0014 27.5227*** 2.6407** 1.6433
# Obs. 4578 4578 4364 4364 214 214

Panel C: EURUSD
Mean −0.0275 −0.0901 −0.0230 −0.0888 −0.1192 −0.1164
𝑡-test −34.3179*** −89.5258*** −28.1793*** −86.8953*** −4.7155*** −3.5631***
# Obs. 4578 4578 4364 4364 214 214

Panel D: GBPUSD
Mean −0.0184 −0.1063 −0.0124 −0.1000 −0.1399 −0.2365
𝑡-test −15.3085*** −66.5143*** −10.2087*** −61.9874*** −3.5507*** −4.3370***
# Obs. 4578 4578 4364 4364 214 214

Panel E: JPYUSD
Mean 0.0004 0.0265 0.0003 0.0298 0.0023 −0.0421
𝑡-test 0.5036 24.7177*** 0.3800 27.1373*** 0.0902 −1.3463
# Obs. 4578 4578 4364 4364 214 214

Panel F: NZDUSD
Mean 0.0043 0.0014 0.0032 0.0006 0.0280 0.0197
𝑡-test 5.4207*** 1.4513 3.8200*** 0.5446 1.5688 1.0452
# Obs. 4561 4561 4347 4347 214 214

3.3. Additional exploratory analysis (unregistered)

3.3.1. Change in the research questions
During the course of this study, we encountered a pivotal issue related to the formulation of the third research question as outlined

in the pre-registered report (Benenchia et al., 2024). Initially, our research aimed to address the impact of the WMR methodology
on market behavior, specifically asking whether it minimized the market impact surrounding the 4 pm Fix. However, as our analysis
progressed, it became clear that our dataset and the tools we utilize provide additional insight into how market behavior influences
the benchmarks, rather than isolating whether the methodology itself controls for abnormal movements.

In this pivot, we re-positioned the third research question as the first, so that the natural consequence of that analysis was to then
ook at whether the WMR methodology was effective. Specifically, we observe that liquidity, trading activity, transaction costs, and
dverse selection costs all exhibit significant variability around the 4 pm Fix window, with notable differences between month-end
nd normal trading days. These findings underscore that the 4 pm Fix is not only a product of the methodology but a reflection of
arket behavior, especially under the influence of trading volume surges and liquidity changes on critical days like month-end.

Given this, we re-defined our research question to the following: ‘‘How has the market impacted the 4 pm Fix in terms of liquidity,
rading activity, transaction and adverse selection costs, and price volatility?’’ This new formulation more accurately captures the
uances of our analysis, as it reflects the influence of market factors on the benchmark calculation rather than attributing all observed
hanges to the methodology alone. The interaction terms, particularly those distinguishing between normal and month-end trading
ays, provide valuable insights into how market conditions shape the 4 pm Fix.

This adjustment is driven by the way the industry often phrases discussions around the WMR methodology, particularly the
common question, ‘‘Has the WMR minimized market impact?’’ While this is a frequent way of discussion within FX markets, it
oes not fully capture the complexities of how the benchmark interacts with market behavior. This industry language led us to
nitially formulate our research question in a way that does not align with the deeper dynamics at play. Our analysis contributes to

clarifying this by highlighting the significance of market behavior in determining the accuracy of the 4 pm Fix, suggesting that the
methodology’s effectiveness cannot be fully assessed without considering the broader market context in which it operates.
10 
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Table 6
This table reports the 𝑡-test results by currency on the difference between the benchmark robustness calculated on a 10-min
window and on a 20-min window relative to the robustness calculated on a 5-min window. Robustness is measured as

𝑅𝑜𝑏𝑢𝑠𝑡𝑛𝑒𝑠𝑠5,10,20𝑖𝑦 =
√

𝑁−1 ∑𝑁
𝑑=0

(

𝑏5,10,20𝑖𝑑 − 𝑏̃5,10,20𝑖𝑑

)2

where 𝑁 is the number of trading days in year 𝑦, 𝑏5,10,20𝑖𝑑 are the fix rates for 5, 10, and 20-min windows, and 𝑏̃5,10,20𝑖𝑑 are the
simulated benchmarks without outlier exclusion. The sample period spans from 15 February 2015 to 31 December 2023. ***,
** and * denote significance at 1%, 5% and 10%, respectively.

Robustness (𝑅𝑜𝑖)
All trading days Normal trading days End-of-Month trading days

10 - 5 20 - 5 10 - 5 20 - 5 10 - 5 20 - 5
Panel A: AUDUSD
Mean 0.0094 −0.0164 0.0093 −0.0183 0.0118 0.0219
𝑡-test 15.5113*** −20.1453*** 15.3270*** −22.1211*** 0.5366 0.8351
# Obs. 4578 4578 4364 4364 214 214

Panel B: USDCAD
Mean 0.0116 0.0354 0.0102 0.0357 0.0398 0.0295
𝑡-test 12.2468*** 28.1599*** 10.7341*** 28.2520*** 1.2059 0.6695
# Obs. 4578 4578 4364 4364 214 214

Panel C: EURUSD
Mean −0.0506 −0.1066 −0.0506 −0.1066 −0.0307 0.0359
𝑡-test −66.9986*** −105.1156*** −67.9047*** −112.6255*** −1.1625 0.9454
# Obs. 4578 4578 4364 4364 214 214

Panel D: GBPUSD
Mean −0.0261 −0.0656 −0.0346 −0.0764 0.1473 0.1553
𝑡-test −22.2625*** −41.9619*** −29.5423*** −49.8590*** 3.5069*** 2.4669*
# Obs. 4578 4578 4364 4364 214 214

Panel E: JPYUSD
Mean 0.0103 0.0192 0.0114 0.0235 −0.0118 −0.0682
𝑡-test 13.8834*** 18.7636*** 15.1882*** 22.6756*** −0.4687 −1.9956*
# Obs. 4578 4578 4364 4364 214 214

Panel F: NZDUSD
Mean 0.0080 −0.0075 0.0026 −0.0146 0.1190 0.1377
𝑡-test 12.5146*** −9.2137*** 3.8605*** −17.1869*** 7.8867*** 7.8079***
# Obs. 4561 4561 4347 4347 214 214

As a result, the decision to modify our research question reflects the natural evolution of our analysis and the importance of
providing a clearer, more accurate representation of our findings. The original question posed in the pre-registered report assumes
that the WMR methodology can be isolated from broader market influences, but our results demonstrate that these influences are too
significant to ignore. Hence, this change was both necessary and reflective of the insights gained throughout the research process. In
Table 3, we provide the detailed results of the interaction analysis, illustrating how market-driven factors, particularly those related
o liquidity and trading costs, significantly affect the benchmark rates during month-end versus normal trading days. These results
onfirm the need to shift the research question and offer a more comprehensive understanding of the forces shaping the 4 pm Fix.

3.3.2. Year-on-year univariate analysis on the overall WMR effectiveness
We further undertake the same analysis as in Section 3.2.2, considering all currencies together in the sample but focusing on

the trend year by year. Tables 7, 8, and 9 report the results of the 𝑡-tests on the benchmark representativeness, attainability and
robustness, respectively, separating all trading days, normal trading days and end-of-month trading days. Again, the generalization of
he results between all days and normal days holds. Overall, the statistical significance of the results year-over-year is low compared
o the results obtained by looking at each currency separately, highlighting potential currency-specific trading behavior that impacts
he benchmark dimensions more significantly.

The differences in representativeness lose significance starting from 2017. The estimated means vary around zero, but all remain
in an increasingly narrow range as we approach 2023, the end of the sample period. Attainability and robustness exhibit some level
of significance until 2018, and, similar to representativeness, they tend to approach zero towards the end of the sample period. The
results of the end-of-month days provide limited contribution in terms of statistical significance. Except in 2017, when all dimensions
are significant, all other years have 𝑡-statistics close to 0.

We further investigate our research questions with the support of illustrations similar to Evans et al. (2018). The representative-
ness trend over time, calculated through a window of 5-, 10-, and 20-minutes, follows similar patterns for all currencies. Except
for GBPUSD, Fig. 1 evidences a decreasing trend in the standard deviation of the tracking error underlying an improvement in the
benchmark representativeness.
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Table 7
This table reports the 𝑡-test results by year on the difference between the benchmark representativeness calculated on a 10-min
window and on a 20-min window relative to the representativeness calculated on a 5-min window. Representativeness is measured
as

𝑅𝑒𝑝𝑟𝑒𝑠𝑒𝑛𝑡𝑎𝑡𝑖𝑣𝑒𝑛𝑒𝑠𝑠5,10,20𝑖𝑦 =
√

𝑁−1 ∑𝑁
𝑑=0

(

𝑏5,10,20𝑖𝑑 − 𝑝𝑑𝑖𝑑
)2

where 𝑁 is the number of trading days in year 𝑦, 𝑏5,10,20𝑖𝑑 are the fix rates for 5, 10, and 20-min windows, and 𝑝𝑑𝑖𝑑 is the mean
trade price for currency 𝑖 on day 𝑑. The sample period spans from 15 February 2015 to 31 December 2023. ***, ** and * denote
significance at 1%, 5% and 10%, respectively. All currencies are pooled together.

Representativeness (𝑅𝑒𝑦)
All trading days Normal trading days End-of-Month trading days

10 - 5 20 - 5 10 - 5 20 - 5 10 - 5 20 - 5
Panel A: 2015
Mean 0.05973 0.09117 0.06357 0.09700 −0.01515 −0.02273
𝑡-test 2.5549** 1.9904* 2.7101*** 2.1321** −0.1051 −0.0733
# Obs. 1356 1356 1290 1290 66 66

Panel B: 2016
Mean 0.04567 0.13749 0.06747 0.18663 −0.40104 −0.86910
𝑡-test 1.6330 2.3745* 2.6983*** 3.4867*** −1.2874 −1.5010
# Obs. 1547 1547 1475 1475 72 72

Panel C: 2017
Mean −0.00029 0.00440 0.01853 0.01480 −0.38437 −0.84965
𝑡-test −0.0159 0.1192 1.0180 1.1068 −3.1445*** −3.8412***
# Obs. 1541 1541 1469 1469 72 72

Panel D: 2018
Mean 0.00275 0.005677 0.04626 0.00295 −0.10590 −0.26711
𝑡-test 0.1541 1.5640 1.2568 0.0946 −0.9676 −1.3111
# Obs. 1548 1548 1469 1469 72 72

Panel E: 2019
Mean 0.01300 0.01909 −0.01393 −0.01030 0.01389 −0.10243
𝑡-test 0.7787 0.3389 −0.6475 −0.2338 0.1623 −0.6160
# Obs. 1548 1548 1481 1481 72 72

Panel F: 2020
Mean −0.01288 −0.01151 −0.00686 −0.00797 0.00868 −0.03646
𝑡-test −0.5849 −0.2592 −0.4961 −0.3287 0.0499 −0.1161
# Obs. 1553 1553 1475 1475 72 72

Panel G: 2021
Mean −0.00436 −0.00695 −0.03189 −0.06182 0.04687 0.01389
𝑡-test −0.3013 −0.2716 −2.0081* −1.8358 0.3635 0.0584
# Obs. 1547 1547 1474 1474 72 72

Panel H: 2022
Mean −0.03275 −0.05846 −0.00726 −0.01494 −0.05035 0.01042
𝑡-test −1.9337* −1.6958 −0.5023 −0.6054 −0.3070 0.0384
# Obs. 1546 1546 1464 1464 72 72

Panel I: 2023
Mean −0.00684 −0.01668 −0.00726 −0.01494 0.00174 −0.05208
𝑡-test −0.4813 −0.6858 −0.5023 −0.6054 0.0233 −0.3915
# Obs. 1536 1536 1464 1464 72 72

In 2020, possibly due to the unprecedented market conditions following the COVID-19 pandemic, the measure increased
significantly, reversing soon after but not sufficiently to reach the levels in 2019. JPYUSD represents the only exception, with a
eneral deterioration in market representativeness since 2019. The window length over which the measure is computed contributes
ittle to improving this benchmark effectiveness dimension, with all currencies showing the three representativeness trends in a very
ight range.

Focusing only on the end-of-month days, the trend does not differ significantly from the normal days, with just a minor degree
f variation between the measures calculated over different time windows. In these cases, the 5-min representativeness appears
lightly less effective than the measure calculated over the 10- and 20-minutes (mainly for EURUSD, GBPUSD, and AUDUSD).

The results on attainability deliver critical insights (see Fig. 2). Focusing on normal trading days, all currencies exhibit a
eneralized higher effectiveness of the 5-min window compared to the alternative 10- and 20-min windows. Over the 9 years
nalyzed, excluding minor and rare exceptions, the 5-min window allows traders to replicate the benchmark more accurately than
hat would have been possible if the benchmark was calculated over a window of 10- or 20-min. Only JPYUSD experiences an

ncreasing (deteriorating) trend in the last three years, but the 5-min window still remains at least as effective as the 10-min window.
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Table 8
This table reports the 𝑡-test results by year on the difference between the benchmark attainability calculated on a 10-min window
and on a 20-min window relative to the attainability calculated on a 5-min window. Attainability is measured as

𝐴𝑡𝑡𝑎𝑖𝑛𝑎𝑏𝑖𝑙 𝑖𝑡𝑦5,10,20𝑖𝑦 =
√

𝑁−1 ∑𝑁
𝑑=0

(

𝑏5,10,20𝑖𝑑 − 𝑝5,10,20𝑖𝑑

)2

where 𝑁 is the number of trading days in year 𝑦, 𝑏5,10,20𝑖𝑑 are the fix rates for 5, 10, and 20-min windows, and 𝑝5,10,20𝑖𝑑 is the mean
price within each time window. The sample period spans from 15 February 2015 to 31 December 2023. ***, ** and * denote
significance at 1%, 5% and 10%, respectively. All currencies are pooled together.

Attainability (𝐴𝑦)

All trading days Normal trading days End-of-Month trading days

10 - 5 20 - 5 10 - 5 20 - 5 10 - 5 20 - 5
Panel A: 2015
Mean −0.00177 0.00703 −0.00450 −0.00127 0.01550 0.16919
𝑡-test −0.09186 0.2214 −0.2335 −0.0406 0.3480 0.7521
# Obs. 1356 1356 1290 1290 66 66

Panel B: 2016
Mean −0.04257 −0.08025 −0.03483 −0.06058 −0.20120 −0.48322
𝑡-test −2.2192* −2.3943** −1.8939* −1.9409* −1.2031 −1.4646
# Obs. 1547 1547 1475 1475 72 72

Panel C: 2017
Mean 0.02188 0.01664 0.01540 −0.00610 0.16633 0.29592
𝑡-test 1.6413 0.5444 1.0248 −0.2038 2.0236** 1.9548*
# Obs. 1541 1541 1469 1469 72 72

Panel D: 2018
Mean −0.03139 −0.07657 −0.00610 0.07012 −0.15964 −0.29999
𝑡-test −2.0172* −2.7182** −0.2038 1.9014* −2.0924** −1.8559*
# Obs. 1548 1548 1476 1476 72 72

Panel E: 2019
Mean 0.01487 0.00462 0.00838 −0.04773 0.02564 0.03479
𝑡-test 1.0909 0.2107 0.4570 −1.3910 0.2586 0.3149
# Obs. 1548 1548 1481 1481 72 72

Panel F: 2020
Mean 0.01197 −0.03602 0.02270 0.02375 0.08592 0.20486
𝑡-test 0.6557 −1.0532 2.0095** 1.2157 0.7542 0.9568
# Obs. 1553 1553 1475 1475 72 72

Panel G: 2021
Mean 0.01432 0.00505 −0.00909 −0.04856 −0.15735 −0.36745
𝑡-test 1.2293 0.2580 −0.5840 −1.5687 −1.6792* −1.6147
# Obs. 1547 1547 1474 1474 72 72

Panel H: 2022
Mean −0.01328 −0.04825 −0.00598 0.01004 −0.09917 −0.04109
𝑡-test −0.8563 −1.5984 −0.4549 0.4614 −1.0109 −0.3605
# Obs. 1546 1546 1464 1464 72 72

Panel I: 2023
Mean −0.00521 0.00916 −0.00598 0.01004 0.01036 −0.00885
𝑡-test −0.4094 0.4312 −0.4549 0.4614 0.2118 −0.0908
# Obs. 1536 1536 1464 1464 72 72

The same conclusions cannot be drawn, instead, if we focus on end-of-month trading days. The ease of replicating the benchmark
during the end-of-month trading activity does not seem to be strictly related to window length. Across all currencies, the chart shows
the 5-min attainability line crossing multiple times the measures of the 10- and 20-min windows and does not follow a defined trend.
This result stresses again the peculiarity of the end-of-month trading activity when the greatest share of volume is exchanged on
the main FX platforms.

The robustness results in Fig. 3 complement the attainability results just discussed, confirming the trade-off between the two
imensions (Evans et al., 2018). Looking at normal trading days, the 5-min benchmark tends to be less robust, losing any preference

ranking when we analyze the end-of-month pattern, which again shows the high variability among the three measures for all
currencies.

The univariate analysis discussed in Section 3.2.2 finds supporting evidence when examining Figs. 4, 5, and 6. They show the
boxplot trend of the differences in the three dimensions at 10- and 20 min compared to the 5-min window, grouping all currencies
together and still disentangling for all days, normal days and end-of-month days. The boxplots for representativeness and attainability
n normal trading days demonstrate a trend of increasingly concentrated distributions around zero as we approach 2023. This
13 
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Table 9
This table reports the 𝑡-test results by year on the difference between the benchmark robustness calculated on a 10-min window
and on a 20-min window relative to the robustness calculated on a 5-min window. Robustness is measured as

𝑅𝑜𝑏𝑢𝑠𝑡𝑛𝑒𝑠𝑠5,10,20𝑖𝑦 =
√

𝑁−1 ∑𝑁
𝑑=0

(

𝑏5,10,20𝑖𝑑 − 𝑏̃5,10,20𝑖𝑑

)2

where 𝑁 is the number of trading days in year 𝑦, 𝑏5,10,20𝑖𝑑 are the fix rates for 5, 10, and 20-min windows, and 𝑏̃5,10,20𝑖𝑑 are the
simulated benchmarks without outlier exclusion. The sample period spans from 15 February 2015 to 31 December 2023. ***,
** and * denote significance at 1%, 5% and 10%, respectively. All currencies are pooled together.

Robustness (𝑅𝑜𝑦)
All trading days Normal trading days End-of-Month trading days

10 - 5 20 - 5 10 - 5 20 - 5 10 - 5 20 - 5
Panel A: 2015
Mean −0.00830 0.01870 −0.01454 0.00833 0.11366 0.22151
𝑡-test −0.3934 0.5640 −0.6949 0.2584 0.7897 0.8496
# Obs. 1356 1356 1290 1290 66 66

Panel B: 2016
Mean −0.06216 −0.10187 −0.06413 −0.09568 −0.02194 −0.22882
𝑡-test −2.9588** −3.0124** −3.0946*** −2.9793*** −0.1402 −0.7377
# Obs. 1547 1547 1475 1475 72 72

Panel C: 2017
Mean 0.03396 0.02432 −0.02513 −0.03310 0.41266 0.64490
𝑡-test 2.2118* 0.8060 −1.5829 −1.7866 3.7585*** 3.2384***
# Obs. 1541 1541 1476 1476 72 72

Panel D: 2018
Mean −0.03665 −0.06761 −0.06611 −0.06436 −0.10939 −0.13430
𝑡-test −1.9892* −2.6755** −2.3179** −2.5855*** −0.9685 −0.7165
# Obs. 1548 1548 1476 1476 72 72

Panel E: 2019
Mean 0.02223 0.01434 −0.00156 −0.05240 0.10769 0.10969
𝑡-test 1.6048 0.6533 −0.0797 −1.5368 0.8391 0.8391
# Obs. 1548 1548 1481 1481 72 72

Panel F: 2020
Mean 0.00837 −0.03360 0.01561 0.01604 0.21274 0.35314
𝑡-test 0.4207 −0.9659 1.2449 0.5159 1.4698 1.3359
# Obs. 1553 1553 1475 1475 72 72

Panel G: 2021
Mean 0.00954 −0.00937 −0.00024 −0.04460 −0.19219 −0.41939
𝑡-test 0.4466 −0.4050 −0.0150 −1.5123 −1.5561 −1.6211
# Obs. 1547 1547 1474 1474 72 72

Panel H: 2022
Mean −0.00626 −0.04603 −0.01579 −0.00549 −0.12939 −0.07534
𝑡-test −0.3880 −1.5907 −1.1164 −0.2614 −0.9685 −0.5098
# Obs. 1546 1546 1464 1464 72 72

Panel I: 2023
Mean −0.01388 −0.00473 −0.01579 −0.00549 0.02498 0.01077
𝑡-test −1.0076 −0.2284 −1.1164 −0.2614 0.4123 0.0953
# Obs. 1536 1536 1464 1464 72 72

indicates a consistent improvement in these two dimensions for the benchmark calculated over the current 5-min window. Although
here is greater variability in the distributions at the end of each month, a more tightly clustered distribution around zero is still
vident for the two dimensions mentioned previously.

3.4. Future research directions

In this section, we focus on further analyses that can be carried out in future research to extend our study. One promising avenue
nvolves investigating the influence of alternative benchmarking procedures, such as different statistical estimators, on the 4 pm Fix.
he findings from Evans et al. (2018), as represented in Figure 1.9, demonstrate varying efficiencies across different benchmarking

procedures. Notably, the median, often a favored estimator for its robustness against outliers, appears less efficient compared to
methods such as the trimmed mean or the winsorized mean in capturing price stability. The results suggest that while the length of
he fix window (e.g., 60 or 300 s) plays a significant role in benchmark effectiveness, the choice of benchmarking procedure itself
ould be just as critical.
14 
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Fig. 1. Benchmark Representativeness Measures by Currency and Year. This figure presents the trend over the years of the standard deviation of the
representativeness difference between a 10-min and 20-min benchmark relative to the 5-min benchmark by currency and trading days.
15 
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Fig. 2. Benchmark Attainability Measures by Currency and Year. This figure presents the trend over the years of the standard deviation of the attainability
difference between a 10-min and 20-min benchmark relative to the 5-min benchmark by currency and trading days.
16 
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Fig. 3. Benchmark Robustness Measures by Currency and Year. This figure presents the trend over the years of the standard deviation of the robustness difference
between a 10-min and 20-min benchmark relative to the 5-min benchmark by currency and trading days.
17 



M. Benenchia et al. Paciϧc-Basin Finance Journal 93 (2025) 102652 
Fig. 4. Benchmark Representativeness Difference in Window by Year. This figure presents the trend over the years of the distribution (box plot) of the
representativeness difference between a 10-min and 20-min benchmark relative to the 5-min benchmark by trading days. All currencies are poled together.

Fig. 5. Benchmark Attainability Difference in Window by Year. This figure presents the trend over the years of the distribution (box plot) of the attainability
difference between a 10-min and 20-min benchmark relative to the 5-min benchmark by trading days. All currencies are poled together.

Future research could explore this potential oversight in the industry, where the focus has largely been on adjusting the
calculation window, without sufficiently addressing the statistical techniques underlying the benchmark calculations. For example, it
may be beneficial to assess how different data filtering techniques (e.g., further variations in trimmed or winsorized means) or even
more sophisticated, robust estimators like Hodges–Lehmann could improve the benchmark’s ability to reflect true market conditions.
These alternative approaches may be especially relevant in periods of high market volatility, such as month-end trading days, where
extreme values can distort price estimates. By shifting focus from the window length to a broader exploration of benchmarking
methodologies, future studies could provide new insights into improving the robustness and accuracy of the WMR methodology.
18 
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Fig. 6. Benchmark Robustness Difference in Window Lengths by Year. This figure presents the trend over the years of the distribution (box plot) of the robustness
difference between a 10-min and 20-min benchmark relative to the 5-min benchmark by trading days. All currencies are poled together.

Fig. 7. Price Reversal around the Fix. The figure shows the correlation coefficient of currency returns around the fix and the associated p-values (in red) by
quarter, computed from a Z-Fisher transformation. The market efficiency metric is computed as follows:

𝑀 𝑎𝑟𝑘𝑒𝑡𝐸 𝑓 𝑓 𝑖𝑐 𝑖𝑒𝑛𝑐 𝑦 = cor
(

𝑝2 − 𝑝1
𝑝1

,
𝑝3 − 𝑝2

𝑝2

)

where 𝑝1, 𝑝2, and 𝑝3 are the average prices 15 min before, during, and 15 min after the fix, respectively.
All currencies are pooled together.

4. Discussion

In this section, we discuss the results presented throughout the paper to provide an interpretation of their economic significance

and possible implications for industry practice.

19 
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4.1. How has the market impacted the 4 pm fix in terms of liquidity, trading activity, transaction and adverse selection costs, and price
volatility?

In terms of the multivariate analysis, our interpretation focuses on the predictive power of the independent variables rather than
the specific coefficients’ signs. The sign of the dependent variable (the benchmark rate), in response to changes in the independent
variables, does not carry direct economic meaning. This is because the benchmark rate itself is a market-derived measure and cannot
nherently ‘increase’ or ‘decrease’ in a causal sense relative to these variables. Instead, the key insight lies in understanding how

variations in market conditions — such as the bid–ask spread — are related to the behavior of the benchmark rate, particularly
during high-intensity trading periods like month-end. Thus, the focus remains on these relationships and the implications for the
robustness and reliability of the benchmark rate formation process.

The results suggest that the bid–ask spread, while not influencing the published benchmark rate during normal trading periods,
oes have a noticeable impact during end-of-month trading days. This insight sheds light on the underlying market dynamics,
mphasizing that the spread adjusts frequently during high-volume trading periods, which in turn affects the overall published

benchmark rate. Variations in market conditions, such as liquidity and volatility, influence the benchmark rate differently during
normal and high-intensity trading periods, highlighting the interplay between market dynamics and benchmark rate formation.
However, these results do not necessarily point towards the ineffectiveness of the WMR methodology underlying the 4 pm Fix.
Whether the 5-min benchmark window remains a robust and reliable benchmarking calculation procedure for assessing market
conditions across different currencies and trading periods remains a question that our univariate analysis seeks to address.

4.2. Can the WMR methodology be improved by the lengthening of the time window in which the benchmark is calculated?

The results of the univariate analysis provide compelling evidence regarding the effectiveness of the 5-min WMR benchmark win-
dow in capturing market representativeness. Notably, the statistical analysis across multiple currencies shows that representativeness
is almost never significant when tested against that of benchmarks computed over longer time windows, suggesting that the 5-min
window provides an accurate reflection of the market, comparable to the broader 10- or 20-min windows. This finding holds across
all currencies except for GBPUSD or EURUSD, where a slight deviation is observed with the 20-min benchmark window. However,
this exception does not warrant a comprehensive change in methodology, as reliance on one currency’s behavior is insufficient to
drive global methodological changes. Importantly, the lack of significant differences supports the current methodology’s effectiveness
without the need for complex and costlier adjustments.

Further, the analysis highlights a consistent trade-off between the attainability and robustness of the benchmark rates, consistent
with the literature (Evans et al., 2018). Although longer windows could slightly enhance robustness, they simultaneously reduce
ttainability, as traders find it more difficult to replicate the rates based on extended windows. This trade-off is particularly evident
n the case of currencies like AUDUSD and USDCAD, where longer windows offer diminishing returns in terms of market reflection.
hese findings reinforce the notion that the 5-min window strikes a balanced compromise between being attainable and robust,

making it an optimal choice for the benchmark.

4.3. To what extent has the methodology that underpins the WMR benchmark remained effective since its inception in terms of representa-
tiveness of the market, attainability, and robustness?

Our results also demonstrate that when analyzing all currencies together, the overall trends confirm the efficacy of the WMR
ethodology. Except for the year 2016 during normal trading days and 2017 during end-of-month trading days, the effectiveness of

he 5-min window is consistently reaffirmed across multiple years and currencies. Even during end-of-month trading days, a period
hat typically exhibits higher volatility and market activity, the statistical differences between the 5-min window and longer windows
emain minimal. These findings are crucial, as end-of-month transactions are particularly important for portfolio rebalancing, and
he consistency of the results suggests that the WMR methodology remains reliable even during these critical periods.

Despite some outlier results for EURUSD and GBPUSD during end-of-month days, these deviations do not provide sufficient
vidence to advocate for a significant change in the benchmark methodology, especially when counterbalanced by the other
ffectiveness measures. A singular focus on these currencies does not justify altering a system that works effectively across a broader
ange of currencies. This is further corroborated by the figures that illustrate the relative consistency of the 5-min window across the
ajority of currency pairs and years. It is evident that the WMR methodology is well-suited to its purpose, providing a stable and
anipulation-resistant benchmark that reflects market realities without the need for extending the benchmark window or altering

he methodology substantially unless revised in other aspects that are currently not at the center of industry debates.

5. Conclusion

This study emerges in response to pressing needs within the global financial industry, particularly addressing the complexities
urrounding the FX benchmark process. Our research primarily focuses on an extensive analysis of the WMR fix, from its inception in

2015. This extended scrutiny reveals insights into trading behavior, particularly during end-of-month transactions, a period crucial
for investors, corporations, and fund managers who seek to mitigate currency risks.

In the vast realm of the global FX market — a market processing transactions nearing $7.5 trillion daily — benchmarks like
the WMR fix play a critical role. They not only facilitate portfolio rebalancing for fund managers, but also allow corporations to
20 
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value currency holdings consistently, thereby circumventing the need for continuous market monitoring. This capability is crucial
or minimizing the risk of market manipulation, which is a top priority for both commercial and financial stakeholders relying on
hese benchmarks.

Our study extends and complements existing literature by not only evaluating the WMR benchmark’s efficacy and its reflection
f market liquidity, but also by proposing and testing for potential improvements. By examining month-end trading activity, we
ffer a distinct understanding of how FX benchmarks can better serve to hedge entire months’ worth of transactions. Further,
ur empirical findings suggest that the current WMR methodology might not benefit from adjustments in the benchmark window
uration. Results indicate that extending the time window for the WMR fix from the standard 5-min duration to potentially 10- or
0-min could enhance its representativeness and robustness minimally, thereby supporting the proposition that it is not necessary

or cost-effective to change how the entire business currently functions. Extending the length of the window would necessitate the
e-assessment of algorithms aimed at identifying manipulative behavior within surveillance systems and the reallocation of multiple
esources. Therefore, a change in the length of the window does not imply more stable portfolio valuations and a reduction of the
usceptibility to sudden market shifts.

The multivariate analyses provide a somewhat different perspective, combining various market quality metrics to detect changes
in market behavior around the fixing window that could anticipate price movements. This evidence supports the notion that the
current fixing rate may be sub-optimal on month-end days and highlights the need for ongoing revisions to ensure it remains
representative of market dynamics. However, the bid–ask spread is found to not affect the 4 pm Fix except during the window
itself, thereby supporting the view that abnormal price movements ahead of the window do not significantly influence the current
ublished rates.

In conclusion, our research contributes significant, actionable insights that can assist FX benchmark administrators and market
articipants in refining their strategies and methodologies. By ensuring that the benchmarking process accurately reflects the

evolving market landscape, the financial industry can safeguard against potential vulnerabilities, thereby protecting investor assets
and maintaining market integrity. Our suggestion is that changing the length of the benchmark window may not provide significant
improvements overall, and therefore it is too costly for the industry to re-adapt to such a change. Further research could focus on
other aspects of the methodology underpinning the 4 pm fix to provide new insights as to whether those different factors could
erhaps improve the latter.
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