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Scientific and human errors in a snow model intercomparison
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Capsule

The latest snow model intercomparison identified the same modelling issues as previous iterations over 23 years. Lack of new insights are attributed partly to human errors and intercomparison projects design.

Introduction

The Earth System Model-Snow Model Intercomparison Project (ESM-SnowMIP; [START_REF] Krinner | ESM-SnowMIP: Assessing models and quantifying snowrelated climate feedbacks[END_REF] is the third in a series of MIPs spanning seventeen years investigating the performance of snow models. It is closely aligned with the Land Surface, Snow and Soil Moisture Model Intercomparison Project (LS3MIP; [START_REF] Van Den Hurk | LS3MIP (v1.0) contribution to CMIP6: the Land Surface, Snow and Soil moisture Model Intercomparison Project -aims, setup and expected outcome[END_REF], which is a contribution to the sixth Coupled Model Intercomparison Project (CMIP6). The Tier 1 reference site simulations (Ref-Site in [START_REF] Krinner | ESM-SnowMIP: Assessing models and quantifying snowrelated climate feedbacks[END_REF], the results of which are discussed in this paper, is the first of ten planned ESM-SnowMIP experiments and the latest iteration of MIPs using in situ data for snow model evaluation. The Project for Intercomparison of Land surface Parameterization Schemes Phase 2(d) (PILPS 2(d)) was the first comprehensive intercomparison focusing on the representation of snow in land surface schemes [START_REF] Pitman | Recent progress and results from the project for the intercomparison of land surface parameterization schemes[END_REF][START_REF] Slater | The representation of snow in land surface schemes: results from PILPS 2(d)[END_REF] and evaluated models at one open site for 18 years. It was followed by the first SnowMIP (hereafter SnowMIP1; [START_REF] Etchevers | SnowMiP, an intercomparison of snow models: first results[END_REF][START_REF] Etchevers | Validation of the surface energy budget simulated by several snow models (SnowMIP project)[END_REF], which evaluated models at four open sites for a total of 19 site-years and by SnowMIP2 [START_REF] Rutter | Evaluation of forest snow processes models (SnowMIP2)[END_REF][START_REF] Essery | SNOWMIP2: An Evaluation of Forest Snow Process Simulations[END_REF] which investigated simulations at five open and forested site pairs for 9 site-years.

Twenty-seven models from twenty-two modelling teams participated in the ESM-SnowMIP Ref-Site experiment (ESM-SnowMIP hereafter). A short history of critical findings in previous MIPs is necessary to contextualise the results. PILPS 2(d) identified sources of model scatter to be albedo and fractional snow cover parametrizations controlling the energy available for melt, and longwave radiative feedbacks controlled by exchange coefficients for sensible and latent heat fluxes in stable conditions [START_REF] Slater | The representation of snow in land surface schemes: results from PILPS 2(d)[END_REF] corroborated the latter finding, adding that the more complex models were better able to simulate net longwave radiation but both complex models and simple models with appropriate parametrizations were able to simulate albedo well [START_REF] Etchevers | Validation of the surface energy budget simulated by several snow models (SnowMIP project)[END_REF]) [START_REF] Baartman | On the complexity of model complexity: Viewpoints across the geosciences[END_REF] showed that there is no general consensus about what "model complexity" is; for clarity, we will define models explicitly incorporating larger numbers of processes, interactions and feedbacks as more complex). SnowMIP2 found little consistency in model performance between years or sites and, as a result, there was no subset of better models (Rutter et al., 2011). The largest errors in mass and energy balances were attributed to uncertainties in site-specific parameter selection rather than to model structure. All these projects concluded that more temporal and spatial data would improve our understanding of snow models and reduce the uncertainty associated with process representations and feedbacks on the climate.

This paper discusses results from model simulations at five mountain sites (Col de Porte, France; Reynolds Mountain East, Idaho, USA; Senator Beck and Swamp Angel, Colorado, USA;

Weissfluhjoch, Switzerland), one urban maritime site (Sapporo, Japan) and one Arctic site (Sodankylä, Finland); results for three forested sites will be discussed in a separate publication. Details of the sites, forcing and evaluation data are presented in [START_REF] Menard | Meteorological and evaluation datasets for snow modelling at 10 reference sites: description of in situ and bias-corrected reanalysis data[END_REF]. Although the 97 site-years of data for these seven reference sites may still be insufficient, they do respond to the demands of previous MIPs by providing more sites in different snowy environments over more years. 

The false hypothesis

In fiction, a false protagonist is one who is presented as the main character but turns out not to be, often by being killed off early (e.g. Marion Crane in Psycho, 1960;Dallas in Alien, 1979; Ned Stark in A Game of Thrones, [START_REF] Martin | A Game of Thrones[END_REF]. This narrative technique is not used in scientific literature, even though many scientific hypotheses advanced in project proposals are killed early at the research stage. Most scientific journals impose strict manuscript composition guidelines to encourage research studies to be presented in a linear and cohesive manner. As a consequence, many "killed" hypotheses are never presented, and neither are the intermediary steps that lead to the final hypothesis. This is an artifice that we all comply with even though hypothesizing after the results are known (known as HARKing; [START_REF] Kerr | HARKing: hypothesizing after the results are known[END_REF] is a practice associated with the reproduction crisis [START_REF] Munafò | A manifesto for reproducible science[END_REF].

Our working hypothesis was formed at the design stage of ESM-SnowMIP and is explicit in [START_REF] Krinner | ESM-SnowMIP: Assessing models and quantifying snowrelated climate feedbacks[END_REF]: more sites over more years will help us to identify crucial processes and characteristics that need to be improved as well as previously unrecognized weaknesses in snow models. However, months of analysing results led us to conclude the unexpected: more sites, more years and more variables do not provide more insight into key snow processes. Instead, this leads to the same conclusions as previous MIPs: albedo is still a major source of uncertainty, surface exchange parametrizations are still problematic, and individual model performance is inconsistent. In fact, models are less classifiable with results from more sites, years and evaluation variables. Our initial, or false, hypothesis had to be killed off.

Developments have been made, particularly in terms of the complexity of snow process representations, and conclusions from PILPS2(d) and snow MIPs have undoubtedly driven model development. Discussion of the results in Sections 3.1 to 3.3. will demonstrate why our initial hypothesis was rejected: no patterns emerge, no sweeping statements can be made. The preliminary conclusion presented in [START_REF] Krinner | ESM-SnowMIP: Assessing models and quantifying snowrelated climate feedbacks[END_REF] that "model complexity per se does not explain the spread in performance" still stands. For example, Table 1 shows that RUC is one of the simplest models, but Figures 1 and2 show that it often has smaller errors than more complex models. This is not to say that model developments are useless: there are large differences between simulations submitted for older and newer versions of a few models. Errors in SWE -the most commonly used variable for evaluation of site simulations -are greatly reduced in HTESSEL-ML, JULES-UKESM/JULES-GL7 and ORCHIDEE-E/ORCHIDEE-MICT compared with HTESSEL, JULES-I and ORCHIDEE-I, and errors in soil temperature are greatly reduced in JSBACH-PF which, unlike its predecessor JSBACH, includes a soil freezing parametrization.

There is little or no reduction in errors for other variables between versions. homogeneous surfaces and steady-state conditions in MOST make it inappropriate for describing conditions not only over snow surfaces, but also over forest clearings and mountains: in other words, at all sites in this study. Exchange coefficient are commonly used to tune near-surface temperature in numerical weather prediction models even if to the detriment of the representation of stable boundary layers [START_REF] Sandu | Why is it so difficult to represent stably stratified conditions in numerical weather prediction (NWP) models?[END_REF]. [START_REF] Conway | Challenges in modelling turbulent heat fluxes to snowpacks in forest clearings[END_REF] showed that such tuning in snowpack modelling improved surface temperature simulations but at the expense of overestimating melt. It is beyond the scope of this paper (and in view of the discussion on sources of errors in Section 4, possibly beyond individual modelling teams) to assess how individual models have developed and evaluated their surface exchange and snowpack evolution schemes. However, differences in model ranking between SWE and surface temperature suggest that this issue is widespread and warrants further attention.

Albedo

Errors in modelled winter albedo [START_REF] Li | Evaluating biases in simulated land surface albedo from CMIP5 global climate models[END_REF] and implications for snow albedo feedback on air temperature [START_REF] Randall | Climate Models and Their Evaluation[END_REF][START_REF] Flato | Evaluation of Climate Models[END_REF] have been linked to errors in snow cover fraction (SCF) (e.g. [START_REF] Roesch | Evaluation of surface albedo and snow cover in AR4 coupled climate models[END_REF] and vegetation characteristics in the boreal regions, rather than to the choice or complexity of snow albedo schemes [START_REF] Essery | Large-scale simulations of snow albedo masking by forests[END_REF][START_REF] Wang | Investigating the spread in surface albedo for snow-covered forests in CMIP5 models[END_REF]. These should not affect ESM-SnowMIP because vegetation characteristics were provided to participants (all sites discussed here are in clearings or open landscapes)

and snow cover during accumulation is expected to be complete. However, eleven models did not impose complete snow cover (Figure 3) such that, again, differences in surface albedo are inextricably linked to differences in snow cover fraction; implications are discussed in Section 4.1.

As in previous studies (e.g. [START_REF] Etchevers | Validation of the surface energy budget simulated by several snow models (SnowMIP project)[END_REF][START_REF] Essery | Large-scale simulations of snow albedo masking by forests[END_REF], the specific albedo scheme or its complexity does not determine model performance in ESM-SnowMIP. Neither of the two models with the smallest range of biases, CLASS and EC-Earth, imposed SCF = 1 and both use simple albedo schemes in which snow albedo decreases depending on time and temperature. Snow albedo parametrizations (Table 1) determine rates at which albedo varies, but ranges within which the schemes operate are still determined by user-defined minimum and maximum snow albedos to which models are very sensitive. For most models these parameters are the same at all sites, but measurements suggest that they differ; it is unclear whether some of these variations are due to site-specific measurement errors (e.g.

instruments or vegetation in the radiometer field of view). This issue should be investigated further as this is not the first time that model results have been inconclusive because of such uncertainties (e.g. [START_REF] Essery | A comparison of 1701 snow models using observations from an alpine site[END_REF]. "Combining the evaluation of these global-scale simulations with the detailed process-based assessment at the site scale provides an opportunity for substantial progress in the representation of snow, particularly in Earth system models that have not been evaluated in detail with respect to their snow parameterizations" [START_REF] Krinner | ESM-SnowMIP: Assessing models and quantifying snowrelated climate feedbacks[END_REF]. Identifying errors in ESM-SnowMIP site simulations could be linked to model processes that also operate in LS3MIP global simulations, separately from meteorological and ancillary data errors.

Soil temperature

However, LS3MIP and ESM-SnowMIP results are not directly comparable because land surface schemes (LSSs) include parametrizations that describe sub-grid heterogeneity and some LSSs allow them to be switched off or modified for point simulations. Tables 1 and2 show whether models participated in both MIPs and whether they used point simulationspecific snow cover parametrizations, which is critical for albedo and the most common parametrization to simulate sub-grid heterogeneity. Of the eleven models that did not adjust their sub-grid parametrizations or impose complete snow cover (Figure 3), only one (CLASS)

is not participating in LS3MIP. Of those that are participating, three switched off their subgrid parametrizations (MATSIRO, RUC, and SURFEX-ISBA). Had it been anticipated at the design stage that some models would have considered ESM-SnowMIP to be a means to evaluate their LS3MIP set-up against in situ data, ESM-SnowMIP instructions would have advised to switch off all sub-grid processes; treating a point simulation like a spatial simulation makes evaluating some variables against point measurements futile. This is best illustrated with ORCHIDEE, the three versions of which have the highest negative albedo biases; not only was complete snow cover not imposed, but also the maximum albedo for deep snow on grass (i.e. 0.65 at all sites except Weissfluhjoch) accounts implicitly for sub-grid heterogeneity in large-scale simulations.

Although called ESM-SnowMIP, the site simulations were always intended to include physically based snow models that are not part of an ESM but have other applications [START_REF] Krinner | ESM-SnowMIP: Assessing models and quantifying snowrelated climate feedbacks[END_REF]. Table 3 lists what motivated different groups to participate in ESM-SnowMIP

Although not explicit in Table 3 because of the anonymity of the comments, for developers of snow physics models, the motivation to participate in a MIP dedicated to scrutinizing the processes they investigate is self-evident. On the other hand, most land surface schemes were first developed to provide the lower boundary conditions to atmospheric models. Because of the dramatic differences in the energy budget of snow-free and snow-covered land, the main requirement for snow models in some LSSs is still just to inform atmospheric models of whether there is snow on the ground or not. The size of the modelling group also matters; more models supported by a single individual or small teams listed exposure as one of their motivations. This discussion revealed that many participants suffered from the "false It should be noted that JULES and many other models were not intended for point simulations, increasing the possibility of errors in reconfiguring them for ESM-SnowMIP.

A different philosophy from some other MIPs has been followed here such that resubmission of simulations was encouraged if initial results did not appear to be representative of the intended model behaviour. Table 4 provides details of the hard-and soft-coded errors identified as a result of discussions that led to sixteen of the twenty-six models re-submitting their results, some more than once. One model was excluded at a late stage because the modelling team did not identify the source of some very large errors that caused the model to be an outlier in all analyses and, therefore, would not have added any scientific value to this paper.

Model errors can be statistically quantified; quantifying human errors is somewhat more challenging. A methodology widespread in high-risk disciplines (e.g. medicine, aviation and nuclear power), the Human Reliability Assessment, may be the closest analogue, but it is a preventative measure. Concerns about reproducibility and traceability have motivated a push for analogous methodologies in the Geosciences [START_REF] Gil | Toward the Geoscience Paper of the Future: Best practices for documenting and sharing research from data to software to provenance[END_REF], but most remain retrospective steps to retrace at the paper writing stage.

Figure 4 quantifies the differences in the performance of the two variables (SWE and soil temperature) and models most affected by human errors before and after resubmission.

For some models (JULES-GL7, JSBACH-PF, HTESSEL-ML), SWE NRMSE before resubmission are up to five times higher than after and soil temperature bias double that of corrected simulations (ORCHIDEE-I). Human errors in models and, as discussed in [START_REF] Menard | Meteorological and evaluation datasets for snow modelling at 10 reference sites: description of in situ and bias-corrected reanalysis data[END_REF] for the first ten reference sites in ESM-SnowMIP, in data are inevitable, and this snow MIP shows that they are widespread. The language we use to describe numerical models has distanced them from the fact that they are not, in fact, pure descriptions of physics but rather equations and configuration files written by humans. Errare humanum est, perseverare diabolicum. [START_REF] Menard | Effects of Meteorological and Ancillary Data, Temporal Averaging, and Evaluation Methods on Model Performance and Uncertainty in a Land Surface Model[END_REF] showed that papers already published had used versions of JULES that included bugs affecting turbulent fluxes and causing early snowmelt. There is no requirement for authors to update papers after publication if retrospective enquiries identify some of the published results as erroneous. In view of the many errors identified here, further investigations are required to start understanding how widespread errors in publications are.

Whether present in initialisation files or in the source code, these errors impair or slow progress in our understanding of snow modelling because they misrepresent the ability of models to simulate snow mass and energy balances.

Model documentation

As with many other areas of science, calls for reproducibility of model results to become a requirement for publication are gaining ground [START_REF] Gil | Toward the Geoscience Paper of the Future: Best practices for documenting and sharing research from data to software to provenance[END_REF]. Table 1 was initially intended to list the parametrizations considered most important in snow modelling [START_REF] Essery | A comparison of 1701 snow models using observations from an alpine site[END_REF][START_REF] Essery | A Factorial snowpack model (FSM 1.0)[END_REF], with, as is conventional (e.g. [START_REF] Rutter | Evaluation of forest snow processes models (SnowMIP2)[END_REF][START_REF] Krinner | ESM-SnowMIP: Assessing models and quantifying snowrelated climate feedbacks[END_REF], a single reference per model. Referencing the parametrizations in the twenty-seven models requires, in fact, seventy-nine papers and technical reports; a more detailed version of the table and associated references are included in the supplementary material. The leadauthor first identified fifty-one references, and the modelling teams then provided references to fill the remaining gaps. However, some suggested the wrong references, others revised their initial answers and a few even discovered that some parametrizations are not described at all. Not only is it extremely rare to find complete documentation of a model in a single publication, it is also difficult to find all parametrizations described at all in the literature.

When this happens, some parametrizations are described in publications for other models.

Often, the most recent publication refers to previous ones, which may or may not be the first to have described the model, comprehensively or not. Incomplete documentation would be an annoying but unimportant issue if this exercise had not led to the identification of some of the errors discussed in Section 4.2.

Less water." This sentence is the only description in English of the snow model in VEG3D; a more comprehensive description, not referenced in Braun and Shädler (2005), is available in German in a PhD thesis [START_REF] Grabe | Simulation der Wechselwirkung zwischen Atmosphäre, Vegetation und Erdoberfläche bei Verwendung unterschiedlicher Parametrisierungsansätze[END_REF]. The study in which the quote appears did not focus on snow processes, so a full description of the snow model may not have been necessary, but it is nonetheless a cause for concern that referees, at the very least, did not require clarifications as to which processes were based on CLASS and which on ISBA. Changes in emissivity certainly

were not based on either model as both did -and still do -have fixed emissivity. This is the most succinct description of a snow model, but not the only one to offer little or no information about process representations. At the other end of the spectrum, the CLM5 documentation is the most comprehensive and makes all the information available in a single technical report [START_REF] Lawrence | Technical Description of version 5.0 of the Community Land Model (CLM)[END_REF]. A few models follow closely with most information being available in a single document that clearly references where to obtain additional information (e.g. CLASS, SURFEX-ISBA, HTESSEL, JULES, SNOWPACK). The "Publish or perish" culture is estimated to foster a nine percent yearly growth rate in scientific publications [START_REF] Bornmann | Growth rates of modern science: A bibliometric analysis based on the number of publications and cited references[END_REF] which will be matched by a comparable rate of solicitations for peer reviewing. Whether it is because we do not take or have time to fact-check references, the current peer-review process is failing when poorly described models are published. the IPCC reports the most authoritative in international climate change policy-making, but they have become -for better or worse -proxies for the credibility of climate scientists to the general public. It is therefore time that we reflect on our community and openly acknowledge that some model uncertainties cannot be quantified at present because they are due to human errors.

Other factors are also responsible for the modelling of snow processes not having progressed as fast as other areas relying on technology. Discussions on the future of snow MIPs involving organisers and participants of ESM-SnowMIP issued from this study. As in the discussion about motivation of participants, suggestions for the design of future MIPs were varied, and at times contradictory, but responses from participants reflected the purpose their models serve (Table 4). The IPCC Expert Meeting on Multi Model Evaluation Good Practice Guidance states that "there should be no minimum performance criteria for entry into the CMIP multi-model database. Researchers may select a subset of models for a particular analysis but should document the reasons why" [START_REF] Knutti | Good Practice Guidance Paper on Assessing and Combining Multi Model Climate Projections[END_REF]. Nevertheless, many participants argued that the "one size fits all" approach should be reconsidered. ESM- SnowMIP evaluated models against the same bulk snowpack properties as previous snow

MIPs. This suited LSSs that represent snow as a composite snow/soil layer or as a single layer, but there is a demand for more complex models that simulate profiles of internal snowpack properties to be evaluated against data that match the scale of the processes they represent (e.g. snow layer temperatures, liquid water content and microstructure). Models used at very high resolution for avalanche risk forecasting (such as Crocus and SNOWPACK; [START_REF] Morin | Application of physical snowpack models in support of operational avalanche hazard forecasting: A status report on current implementations and prospects for the future[END_REF] and by the tourism industry are constantly being tested during the snow season and errors can cost lives and money. However, obtaining reliable data and designing appropriate evaluation methodologies to drive progress in complex snow models is challenging [START_REF] Menard | Meteorological and evaluation datasets for snow modelling at 10 reference sites: description of in situ and bias-corrected reanalysis data[END_REF]. For example, solving the trade-off between SWE and surface temperature errors requires more measurements of surface mass and energy balance components: simple in theory but expensive and logistically difficult in practice. The scale at which even the more complex models operate is also impeding progress. Until every process can be described explicitly, the reliance of models on parametrizations to describe very small scale processes (such as the surface exchanges upon which the above trade-off depends) are inevitable sources of uncertainty.

Despite expressing a need for change in the design of snow MIPs, many participants described ESM-SnowMIP as a success because it allowed them to identify bugs or areas of their models in need of further improvements; some improvements were implemented in the course of this study, others are in development. Ultimately, ESM-SnowMIP's main flaw is of not being greater than the sum of its parts. Its working hypothesis was not supported and, per se, has failed to advance our understanding of snow processes. However, the collaborative effort allowed us to report a false, but plausible hypothesis, to expose our misplaced assumptions and to reveal a disparity of opinions on the purpose, design and future with evaluation data covering bulk and internal snowpack properties will be expanded.

Learning from our mistakes to implement future MIPs may yet make it an unqualified success in the long term. 

Five

  models systematically underestimate soil temperatures under snow (JSBACH MATSIRO, ORCHIDEE-I, RUC and SURFEX-ISBA) and four systematically overestimate them (CLM5, CoLM, JULES-GL7 and ORCHIDEE-MICT), although negative biases are often larger than positive ones. Soil temperatures are not consistently over-or underestimated by all models at any particular site. Three of the models (JSBACH, JULES-I and ORCHIDEE-I) still include a thermally composite snow-soil layer, and the lack of a soil moisture freezing representation Accepted for publication in Bulletin of the American Meteorological ociety. DOI S 10.1175/BAMS-D-19-0329.1. Downloaded from http://journals.ametsoc.org/bams/article-pdf/doi/10.1175/BAMS-D-19-0329.1/4998199/bamsd190329.pdf by guest on 19 November 2020 in JSBACH causes soil temperatures to be underestimated. Although newer versions of these models (ORCHIDEE-E, ORCHIDEE-MICT, JSBACH-PF, JULES-GL7 and JULES-UKESM) include more realistic snow-soil process representations, cold biases of the implicit versions have, with the exception of ORCHIDEE-E, been replaced by warm biases, and of similar magnitude between JULES-I and JULES-GL7. 4. Discussion 4.1 Motivation behind participation One of the motivations behind the design of ESM-SnowMIP was to run a stand-alone MIP dedicated to snow processes parallel to other MIPs, most notably CMIP6 and LS3MIP:
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 1 Downloaded from http://journals.ametsoc.org/bams/article-pdf/doi/10.1175/BAMS-D-19-0329.1/4998199/bamsd190329.pdf by guest on 19 November 2020 density or thermal conductivity, only two models still parametrize snow albedo as a simple function of temperature, no model uses constant surface exchange coefficients, more models can now represent liquid water in snow, and only three still have a composite snow/soil layer.These changes demonstrate progress for individual models, but they do not for snow science: most of these parametrizations have existed for decades. Differences between models remain, but the range of model complexity is smaller than it was in previous MIPs.The pace of advances in snow modelling and other fields in climate research is limited by

	recognition.
	3. The Beauty Contest
	Ranking models (or the "beauty contest", as insightfully described by Ann Henderson-
	Sellers when presenting results from PILPS) offers little or no insight into their performance,

shows that few participating models now have a fixed snow Accepted for publication in Bulletin of the American Meteorological ociety. DOI S 10.1175/BAMS-D-19-0329.1.

the time it takes to collect long-term datasets and to develop methods for measuring complex processes. Furthermore, the logistical challenges of collecting reliable data in environments where unattended instruments are prone to failure continue to restrict the spatial coverage of quality snow datasets. False protagonists allow narrators to change the focus of the story. Our "false hypothesis" allows us to re-focus our paper not on what the model results are -doing so would merely repeat what previous snow MIPs have concluded -but on why, in the twenty four years since the start of PILPS 2 (d), the same modelling issues have repeatedly limited progress in our field, when other fields relying on technology and computing have changed beyond Accepted for publication in Bulletin of the American Meteorological ociety. DOI S 10.1175/BAMS-D-19-0329.1.

  Downloaded from http://journals.ametsoc.org/bams/article-pdf/doi/10.1175/BAMS-D-19-0329.1/4998199/bamsd190329.pdf by guest on 19 November 2020 consensus effect"[START_REF] Lee | The 'false consensus effect': An egocentric bias in social perception and attribution processes[END_REF], also observed among geoscientists but not explicitly named by[START_REF] Baartman | On the complexity of model complexity: Viewpoints across the geosciences[END_REF], i.e. they assumed their motivations were universal, or at the very least, widespread. Ultimately, the prestige of MIPs means that, regardless of workload, personal motivation or model performance, they have become compulsory promotional exercises that we cannot afford not to participate in, for better or worse. Benchmarking should help scientists verify that newer versions of a model can reproduce the same results as older versions, but the lag between scientific improvements (hard code) and those at the user interface (soft code) can cause model errors to be introduced by simple avoidable mistakes. The JULES configuration files, for example, contain approximately 800 switches and parameters. Although GL7 and UKESM are the official JULES configurations implemented in the CMIP6 Physical Model and Earth System setups respectively, the ESM-SnowMIP results had to be re-submitted multiple times because large errors were eventually traced to a poorly documented but highly sensitive parameter. Downloaded from http://journals.ametsoc.org/bams/article-pdf/doi/10.1175/BAMS-D-19-0329.1/4998199/bamsd190329.pdf by guest on 19 November 2020
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4.2 Errare humanum est

The increasing physical complexity of models makes them harder for users to understand. Many LSSs are "community" models (e.g. CLM, CoLM, JULES, SURFEX-ISBA), meaning that they are being developed and used by a broad range of scientists whose research interests, other than all being related to some aspect of the land surface, do not necessarily overlap. In many cases, new parametrizations are added faster than old ones are deprecated, causing ever-growing user interfaces or configuration files to become incomprehensible.
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  Downloaded from http://journals.ametsoc.org/bams/article-pdf/doi/10.1175/BAMS-D-19-0329.1/4998199/bamsd190329.pdf by guest on 19 November 2020 of snow MIPs. In view of our findings, of the time investment required of participating modellers and of novel ways to utilise already available global-scale simulations (e.g.[START_REF] Mudryk | Historical Northern Hemisphere snow cover trends and projected changes in the CMIP-6 multi-model ensemble[END_REF], most planned ESM-SnowMIP experiments may not go ahead, but site simulations
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 1 Key characteristics of snow model parametrizations and variables on which they depend, and number of papers per model over which descriptions of the seven parametrizations are spread. Abbreviations and symbols: LWC = Liquid water content, SCF = To make one's model visible to the snow modelling community. • To be part of the snow modelling community. • To evaluate one's model at reference sites across different elevation gradients and climatic settings. • To avoid equifinality problems by evaluating models performance with multiple variables that contribute to and are relevant to snow processes. • To provide benchmarks against which to evaluate models. • All models should be accepted, but different levels of involvement should be allowed so modelling groups can choose the experiments they want to participate in. • Constrain model sensitivity with observations (e.g. SWE, snow albedo) or fixed variables. • Provide evaluation data at the same time as the forcing data. • Provide fewer sites as initialisation of many sites can be a source of human errors. • Provide more challenging sites (e.g. tundra, wind-blown).

	snow cover fraction ("point" means models used point-specific parametrizations, "grid"	
	means they did not), MC = Mechanical compaction, OL = Obukhov length, PC = Personal	
	communication, Rib = bulk Richardson number, * = references provided by personal communication and cannot be traced in the existing literature about this specific model. A more detailed version of this table including full references for parametrizations is available in the supplementary material.	Downloaded from http://journals.ametsoc.org/bams/article-pdf/doi/10.1175/BAMS-D-19-0329.1/4998199/bamsd190329.pdf by guest on 19 November 2020
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•

Table 3 :

 3 Summary of discussions with ESM-SnowMIP participants about (1) what motivated them to participate and (2) their suggestions about the design of the next snow MIP.
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