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Historical reanalyses have become a widely used resource for analyzing weather and climate processes and their changes over time. In this article I explore how further historical observations could support reanalyses and lead to products that reach further back in time or have a better quality. Using an off-line Ensemble Kalman Filter I estimate improvements arising from assimilating additional observations into the ensemble of the “Twentieth Century Reanalysis” Version 3 (20CRv3). I demonstrate this for three case studies and evaluate them using independent data and a leave-one-out approach. For Europe in 1807, assimilating additional pressure data improves the skill for pressure but slightly decreases it for temperature, while assimilating temperature data, a variable that is not assimilated in 20CRv3, improves the skill for temperature but slightly decreases it for pressure. Assimilating both leads to substantially increased skill in a leave-one-out approach. For Sub-Saharan Africa in 1877/78, assimilating ship-based pressure observations as well as land station data, albeit extremely sparse, leads to a slight improvement over the entire domain. Finally, for Europe in 1926/27, assimilating upper air and total column ozone observations both lead to improvements in geopotential height and wind in the middle troposphere and in total column ozone, but with little or no effect in the lower troposphere. This is because 20CRv3 is already close to perfect over Europe in this period. The article shows how additional observations could improve historical reanalyses. A backward extension to the 1780s seems possible, but further data rescue efforts are necessary. For some applications, improved fields as generated by the offline assimilation presented in this study could be useful.
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INTRODUCTION

In 2006, Compo et al. (2006) demonstrated the feasibility of a dynamical atmospheric reanalysis based only on surface information. This allowed reanalysis data sets to be extended backward in time by a century compared with conventional reanalysis. The “Twentieth Century Reanalysis,” which was subsequently produced (Compo et al., 2011), has become a widely used data set. Its latest version (Slivinski et al., 2019) reaches as far back as 1806. Further surface-based reanalyses have been produced by the European Center for Medium Range Weather Forecasts (ECMWF), namely ERA-20C (Poli et al., 2018) and CERA20C (Laloyaux et al., 2018).

Although all products are successfully and widely used, they are not without problems. The quality deteriorates particularly when going far back in time (Slivinski et al., 2020). Some regions are very poorly constrained, and the question how far upper-level fields in this reanalysis can be trusted is not well-studied. In this article, I address the potential of additional observations for improving next generation long reanalyses.

Tremendous efforts have been undertaken in the past years to increase global coverage of historical weather data, coordinated in the Atmospheric Circulation Reconstructions over the Earth initiative (ACRE, Allan et al., 2011). These efforts now provide a steady stream of new data, supported through Copernicus Climate Change Service (C3S) Data Rescue Service (Brönnimann et al., 2018a). A workflow through the C3S database (Thorne et al., 2017; Noone et al., 2021) is established, that will facilitate future reanalyses. But what data brings the most benefit? How should data rescue efforts be prioritized?

In this article I address this question by performing experiments using the existing 20CRv3 reanalysis, into which I assimilate additional observations in an off-line approach. This does not quantify the full potential of the additional data, as their effect on the next forecast step is not included. However, it provides first answers as to where and when observations are particularly valuable.

This framework is used for several examples. The first, concerning the year 1807 over Europe, addresses the value of additional pressure observations—but also temperature observations, which are not assimilated in 20CRv3—from land stations in a period with very sparse data. The summer of that year was extremely warm over Europe (Casty et al., 2005) and at the same time this year is at the very beginning of 20CRv3 and therefore is perhaps suitable for showing the potential. In the second example, the value of additional marine data is studied for the case of the climate anomalies over Africa during the El Niño year of 1877/1878. This was one of the most momentous climate events in history (Singh et al., 2018). Using a period in the 1920s, I then address the value of assimilating upper air data and even total column ozone data (the period was chosen based on ozone data availability). Before going into these examples, however, I address the question how far back a global dynamical reanalysis could possibly be extended, considering the data that are known to have been measured (though not necessarily imaged or digitized).

The article is structured as follows. First the common data sets (20CRv3) and the common methodology, the offline Ensemble Kalman Filter, are introduced. Then the results for the four cases are presented. In the discussion I briefly also address the role of other observations such as oceanic data, data from the land surface, or forcing data. The article ends with brief conclusions.



DATA AND METHODS


The Twentieth Century Reanalysis

The Twentieth Century Reanalysis (20CRv3, Slivinski et al., 2019) is a global dynamical reanalysis reaching back to 1806. It has 80 members with a spatial resolution of 1° × 1°. For this article I use fields at 12 UTC for all cases and I use all 80 members.

Note that the state vector for the assimilation problem in this article does not cover the full model state, which is not necessary as the analysis is not cycled to the model. The state vector only needs the information required to model the observations, plus any desired output field that is of interest for the analysis. Therefore, the variables used in this study encompass 2 m temperature, mean sea-level pressure, u and v wind at 850 and 500 hPa, geopotential height (GPH) at 500 hPa, and total column ozone. Not all variables are used in all cases.

Experiments for each of the cases cover 1 year: January to December 1807 (the interest here lies on the boreal summer), July 1877 to June 1878 (austral summer), and October 1926 to September 1927 (this period is chosen because of the availability of total column ozone observations). Note that the focus on this article is on the value of observations, not on detailed scientific analyses of the weather and climate processes in each of these cases, which would lead beyond the scope of this article.



Observations

Into the 20CRv3 ensemble, I assimilate observations from many different sources, namely surface observations, upper-air observations, and total column ozone data. For the meteorological station data in 1807 I started from a recently published inventory (Brönnimann et al., 2019) and compiled data series over Europe for this year (the inventory is also used in the very first part of the results section to answer the question how far back reanalyses could possibly be extended). The International Surface Pressure Databank (ISPD) Version 4.7 (Compo et al., 2019) has eight series over Europe (Mulhouse, Hohenpeissenberg, Stockholm, Geneva, Armagh, Ylitornio, Torino, and Paris), which I did not assimilate as ISPD is the basis of 20CRv3. I compiled an additional 9 pressure and 21 temperature series (Table 1). Note that this is only a subset of all additional station data that would be available. For Switzerland alone, 21 digitized series are available and several more non-digitized ones (see Brugnara et al., 2020), and the same is also true for other parts of Europe (Brönnimann et al., 2019). The available data were therefore thinned out such that no 20CRv3 grid cell has more than one station, thus arriving at the list printed in Table 1.


Table 1. Stations used for the assimilation experiments 1807 (Var., variable, T, temperature, p, pressure; time indicates local time).
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Where available I used the measurement closest to 12 UTC or local noon. However, in some cases data were electronically available but only as daily means (see Table 1) and therefore were used in that way. Although daily means and 12 UTC values differ in terms of absolute values, they should be similar after adjusting both to the seasonal cycle of 20CRv3 as is described in the next section. Hence, this should not play a big role for the assimilation.

For the 1877/78 case, data from the log books of six ships were digitized for this study. Table 2 lists the ships, period covered, and route. Although all variables were digitized, I only use air pressure in this analysis. Of the twice daily pressure readings, the one closer to 12 UTC was used. The ship data were complemented with station data from Capetown, Fort Napier, Maputo, and Ribe provided by ACRE and the C3S data rescue service.


Table 2. Log books digitized for the period 1877/78: ship name, time period covered, number of noon observations assimilated, and route.
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Upper air data for the 1926/27 case were taken from Stickler et al. (2014a,b). They include 500 hPa geopotential height data from aircraft ascents at Soesterberg/De Bilt in the Netherlands and Lindenberg in Germany. Furthermore, I analyzed pilot balloon winds at 1.5 and 5.5 km which were compared with wind at 850 and 500 hPa in 20CRv3. In few cases with several ascents on the same day (typically morning and afternoon), the two ascents were averaged. Note that the wind data were not assimilated but only used for evaluation. An overview is given in Table 3.


Table 3. Total column ozone and upper-air series used for the assimilation experiments 1926/27.
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Finally, total column ozone data were taken from the early European network of Dobson et al. (1929), complemented by data from Marseille (Buisson, 1928). The data were digitized by us previously (Brönnimann et al., 2003) and are available from the World Ozone and Ultraviolet Radiation Data Center (WOUDC; see also Staehelin et al., 1998, for the Arosa record). The data are available only as daily means, but ozone observations are best performed with low solar zenith angle, so daily means in Europe will not differ much from 12 UTC. The column ozone series used are summarized in Table 3.



Processing of Observations

Prior to assimilation, all observations were debiased relative to 20CRv3. Temperature, geopotential height, and total column ozone observations were debiased by fitting the first two harmonics of the seasonal cycle to both, observations and 20CRv3, and then subtracting the difference. Differences in the seasonal cycles can be due to observation biases (radiation errors), due to model shortcomings, or they can be true (e.g., due to local effects). For pressure data, which have no strong seasonal cycle, only the difference in the mean values was corrected. For the ship pressure data in 1877–1878, differences between ship data and 20CR were calculated for each ship and then corrected by subtracting the average deviation per ship. This debiasing minimizes the effects of systematic differences. It should however be noted that this preserves the 20CRv3 annual cycle and the seasonal mean spatial patterns, while the assimilated observations add intra-seasonal variability in time and space.



Offline Data Assimilation Method

For all following analyses, I used the Ensemble Square Root filter (Whitaker and Hamill, 2002) to assimilate historical observations y into 20CRv3 (xb) off-line (the model was not rerun), yielding xa.

First the ensemble mean is updated and then anomalies from the mean:
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H is the Jacobian matrix of the linear observation operator that extracts total column ozone from the model state. The Kalman gain matrix K for the ensemble mean and the anomalies from the mean is defined as:
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Pb and R are the background error and observation error covariance matrices, respectively. The former is calculated from the 80 members; no localization was performed. The latter is assumed diagonal which makes it possible to assimilate observations sequentially.

An important parameter to set in a reanalysis concerns the observation error R, which measures the error of the term y–Hx (i.e., it also accounts for the error in the representation of the observation in the model). For the assimilation of temperature (which is less well-represented by the model than pressure), I assume an error of 32 K2. For sea-level pressure I used an error of 32 hPa2, which accounts for the numerous error sources related to historical pressure measurements and their processing (Brugnara et al., 2015). For total column ozone I assumed an error variance of 152 DU2 (this is derived from previous work with historical data, see Brönnimann et al., 2003), for 500 hPa geopotential height I assume an error of 352 gpm2, consistent with estimates in Wartenburger et al. (2013). Note that in all cases, part of the systematic error is removed beforehand in a debiasing step. Before assimilation, observations were checked against the background and were only assimilated if y–Hx was smaller than 3 × (HPbHT + R)0.5.



Experiments and Evaluation

For each case, several experiments were performed. For the case of 1807, experiments were performed in which only pressure observations, only temperature observations, or both were assimilated. Similarly, for the 1877, case experiments assimilating only ship-based pressure data or assimilating also land station data are performed. For the 1926/7 case I assimilated total column ozone or 500 hPa GPH. Each of these experiments was not only run in a full mode (i.e., all obaservations are assimilated, termed FULL), but also in a leave-one-out mode (LOO, all observations except one are assimilated, and the analysis is then evaluated at that location). Table 4 lists all experiments.


Table 4. Assimilation experiments performed in this study.
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The results are compared to the observations described in the earlier section. Independent data are available for all case studies, and the results from the LOO experiments are also independent. Comparison (in FULL) of the analysis with the assimilated series will obviously produce good results, which therefore are clearly marked on the figure. However, it is still important to address, e.g., the reduction of the ensemble spread in FULL. When calculating the skill measures, I excluded days in which no observations were assimilated (and, obviously, days in which evaluation observations were missing).

All experiments are analyzed with respect to the same three diagnostics: the Pearson correlation, the root mean squared error (RMSE) and the ensemble standard deviation. The former two diagnostics are calculated after subtracting the mean annual cycle (in this case also for station pressure) by fitting the first two harmonics, as described for the pre-processing of observations. In the evaluation I always calculate the same diagnostics for the background (20CRv3 without assimilation) and the experiment (Table 4), and then results are either plotted for both or only their ratio. For the correlation at a given station, the change is often small compared to changes between stations and therefore hard to visualize with one color scale. I therefore also defined a “scaled improvement” as (rEPX-rBCK)/(1-rBCK), where rEPX is the correlation between the observations and the experiment under questions and rBCK is the correlation between observations and the background (i.e., 20CRv3 before assimilation). This serves as a “magnification” of the correlation change (but, conversely, when using the same color scale across all stations this is quickly saturated if the change is large).

In the interpretation of results, it is important to keep in mind that the assimilation is off-line. The results are therefore pessimistic in the sense that an improvement is not communicated to the next time step. The potential improvement of cycling the analysis might be much larger. However, this set-up allows the assessment of observational input in a common framework. The results are optimistic in the sense that biases are subtracted beforehand. Current reanalysis system often use online bias correction schemes, which however may not work as well as our ex-post bias subtraction.




RESULTS


Data Coverage for the 1780s

Before presenting the results of the assimilation experiments, I analyzed existing inventories of surface observations with respect to the question how far back a reanalysis could possibly be extended. 20CRv3 reaches back to 1806, although with extremely sparse input in the first 30 years or so. A backward extension seems possible because, when going further back in time, the number of observations increases (Brönnimann et al., 2019). This is because in the politically troubled times of the coalition Wars, the number of observations in Europe decreased. Decades earlier, during the peak of the Enlightenment, the number of observations had reached a temporary peak.

A potential coverage map of the 1780s is shown in Figure 1 (based on Kington, 1988; Brönnimann et al., 2019; Winkler, 2020). In this decade, the Societas Meteorologica Palatina ran its famous network (Pappert et al., 2021). At the same time, the French medical society had a dense network, as did the Bavarian Academy (Winkler, 2020). In Italy, astronomer Giuseppe Toaldo organized a network. Data are also available from outside Europe from the colonial world. The Moravian Brethren measured in Labrador (Demarée and Ogilvie, 2008), the Caribbean is relatively well-covered with observations, and data are also available for outposts in Asia, Africa, and South America (Brönnimann et al., 2019). Even the first measurements from Australia fall into this decade (Gergis et al., 2009). Note, however, that this map shows all measurements known to be taken; some may not be found, or may be of low quality. Some of the series have only short segments of measurements, others cover the entire decade. Note also that this map does not show marine data, which are particularly important, but are extremely sparse in the 1780s.


[image: Figure 1]
FIGURE 1. Global map of meteorological stations in the decade 1781–1790, irrespective of whether the data are digitally available, imaged, or whether the location of the hard copies is even known.


From this map it seems that an extension of reanalyses backward to the 1780s seems possible. Kington (1988) has produced hand-analyzed maps for this decade, and Pappert et al. (2022) have produced daily pressure and temperature maps for the winter 1788/89 based on an analog approach, augmented with an offline Ensemble Kalman Filter. Since sufficient observations were available for these two approaches, there could also be sufficient observations for a dynamical reanalysis. When going even further back in time the number of observations drops. It reaches the same number as in 1806 (when 20CRv3 starts) in the early 1770s (Brönnimann et al., 2019). However, there are almost no marine data in the 1770s (much less than in 1806) and therefore an extension beyond ca. 1781 might prove difficult.



Assimilating Additional Station Data

In order to address the value of additional measurements, I take the example of 1807. This is one of the first years to be included in the extended version of 20CRv3, which is based on only eight pressure series over Europe. At the same time, this is an interesting year as Europe experienced an extremely warm and dry summer (Casty et al., 2005) and, although during a period with few climate observations, it is relatively straight forward to find additional series. In this study I add 30 series (detailed in Table 1), the distribution of the stations selected is shown in Figure 2.


[image: Figure 2]
FIGURE 2. Map of daily time series used in the experiments of the year 1807. Black dots indicate the pressure series already assimilated into 20CRv3. The colored symbols indicate stations assimilated in this article. Time series indicate the number of assimilated series per variable.


First, I assimilated only pressure information. Results are shown in Figure 3 (top row). The LOO experiment confirms that assimilating additional pressure series leads to an improvement of SLP at the left-out locations. However, as evidenced in FULL, the assimilation of pressure worsens the skill for temperature (lower correlation, higher RMSE) at a majority of the locations, particularly those in Central Europe, although only by a small amount.


[image: Figure 3]
FIGURE 3. Results of the experiments for 1807 for correlation, scaled improvement (saturated >0.3 as these cases are visible in the correlation directly), ratio of RMSE, and ratio of ensemble spread. Dashed outlines indicate results from the FULL assimilation that are not independent, solid outlines are based on independent data (data retained for evaluation or LOO approach). Note that some of the color-scales are not equidistant.


In the second experiments I assimilated only temperature data (Figure 3, middle row). Similar as for pressure, the LOO experiment shows increasing skill for temperature at left-out locations. This increase is relatively large. The FULL model, conversely, shows a decrease of the skill for many pressure series (mostly those in Western Europe), but again only by a small amount. The assimilation of both, pressure and temperature, shows an increase in LOO for both variables at all locations. The FULL model obviously well reproduces all variables; the ensemble spread is reduced by ca. 50%.



More Marine Data Input

In the second case I tested whether assimilating more marine pressure data could help to improve historical reanalyses. The case selected for this covers July 1877 to June 1878, when during a strong El Niño event, droughts were observed globally (Singh et al., 2018). Data from six ships were assimilated; a map of the ship tracks is shown in Figure 4. The tracks cover mainly the South Atlantic, but many also continue into the Indian Ocean (or vice versa). Note that the ship data are sparse and also land data are sparse, such that we have only around 6 observations on any single day (compared to 30 observations in 1807 over a much smaller region). This must be considered when analyzing the leave-one-out results. Typically there is only a handful of measurements for a given day, over a region that is much larger than Europe in the 1807 case.


[image: Figure 4]
FIGURE 4. Map of daily time series used in the experiments of the year 1807. Black dots (ships) and circles (stations) indicate the pressure series already assimilated into 20CRv3. The colored symbols indicate stations assimilated in this article. The lines indicate the numbers of ship and land station data assimilated per day.


As for 1807, I performed LOO and FULL models, both for experiments with only ship pressure data or with both ship data and land-based data. For the evaluation, all ship data were pooled. Results (Figure 5) show that assimilating ship pressure has only a very small influence on the other ship data in the LOO approach, and also the effect on land stations is small. In fact, we do not see a change when analyzing correlation directly, only when plotting the scaled improvement. However, the effect is positive (increase of correlation, decrease of RMSE, decrease of spread) for all cases.


[image: Figure 5]
FIGURE 5. Results for 1877/78 for correlation, scaled improvement, ratio of RMSE, and ratio of ensemble spread. Top: Assimilating only ship pressure, bottom: assimilating ship pressure as well as land station data. The numbers in the left panels indicate the observation pairs used for each correlation. Dashed outlines indicate results from the FULL assimilation that are not independent, solid outlines are based on independent data (data retained for evaluation or LOO approach). Note that the color-scale for the RMSE ratio is not equidistant.


When assimilating both ship and land data, results are similar. The improvement is generally stronger and is now also seen when plotting correlation directly, but we also find cases (one in correlation, one in RMSE) in which skill measures decrease in the LOO experiment. The FULL model shows high correlations (mostly above 0.9), a reduction of the RMSE by 20–50% and a reduction of the ensemble spread by 20–30%. Overall, significant improvement could thus be reached over Subsaharan Africa and the South Atlantic, which is notable as further ship logbooks are available that could be digitized for this extremely important climate event.



Upper-Air Input

The third case analyzed concerns the period October 1927 to September 1927. The period was chosen because a rather dense network of total column ozone instruments was operating in Europe. In addition, also upper-air data are available for this time. Table 3 lists the data used for this case, Figure 6 shows a map of the stations. In contrast to the 1807 case, note that series have many and long gaps and therefore the number of available observations varies significantly. Again, FULL and LOO experiments were carried for the case of assimilating 500 hPa geopotential height and for the case of assimilating total column ozone. Apart from LOO experiments, independent evaluation is also possible in the respective other variable (I did not perform a combined experiment) and with the help of upper-level wind data, which were not assimilated. It should be noted, however, that these upper-level wind measurements presumably have large errors.


[image: Figure 6]
FIGURE 6. Map with predictors used in the 1926/27 experiment. Time series indicate the number of observations assimilated per day.


Only two series of 500 hPa GPH were assimilated (De Bilt, Lindenberg). The LOO experiment (Figure 7, upper row) shows an improvement for both stations. As for the 1877 case, the correlation difference is so small that it cannot by visualized when plotting only the correlation directly (left), but only by the scaled improvement. The corresponding plots clearly show improvement not only for 500 hPa height, but (in FULL) also for total column ozone. Correlation increases at all seven sites. Correlations also mostly increase for wind at 5.5 km, but we see no improvement for wind at 1.5 km (see Table 3 for station information).


[image: Figure 7]
FIGURE 7. Results of the 1926/27 experiment for correlation, scaled improvement, ratio of RMSE, and ratio of ensemble spread for the assimilation of 500 hPa geopotential height (top) and total column ozone (bottom). The numbers in the left panels indicate the observation pairs used for each correlation. Dashed outlines indicate results from the FULL assimilation that are not independent, solid outlines are based on independent data (data retained for evaluation or LOO approach).


The reduction of RMSE follows the results for the correlations. It is mostly on the order of a few percent. The reduction of the ensemble spread lies in a similar range. Thus, while the assimilation of 500 hPa clearly improves the result, the improvement is modest (note, however, that I only assimilate two records). That said, it should again be noted that the updated fields are not cycled back to the model.



Total Column Ozone Input

In the second set of experiments, I assimilated total column ozone. 20CRv3 includes total column ozone as a prognostic variable determined from a gas-phase parameterization of ozone production and loss (McCormack et al., 2006). This variable was added to our state vector x (Equations 1–4). We evaluated it against 500 hPa height, upper-level wind, and (in the LOO set-up) total column ozone (Figure 7, lower row). In the LOO set-up, the assimilation of total column ozone clearly improves ozone at the neighboring stations. An improvement is also generally found for wind at 5.5 km, while wind at 1.5 km shows no improvement. For 500 hPa, no improvement is found, however, it should be noted that correlation is already very high (above 0.9 in anomalies); this distinguishes this case from the previous cases.




DISCUSSION


Observations Assimilated

In all cases analyzed, additional observations generally led to an improvement of the results. This may seem trivial, but is not. In fact, in the case of 1807, assimilating additional pressure data slightly decreased the skill of temperature and vice versa, which could indicate that the background error covariance matrix does not adequately represent co-variances in observations. However, this decrease in skill is relatively small, and assimilating both variables leads to increased skill everywhere.

In the case of 1807, the increase in skill when assimilating both pressure and temperature is relatively pronounced, which is expected as, on the one hand, 20CRv3 is not well-constrained and, on the other hand, a large amount of additional information is assimilated (note that 20CRv3 does not assimilate temperature). For the case of 1877 over Africa, 20CRv3 also is not well-constrained. The data assimilated are extremely sparse, but still lead to a large-scale, albeit small improvement of the assimilation. In contrast, in the 1926/27 case 20CRv3 is already extremely well-constrained only from the surface, with anomaly correlation exceeding 0.9 for 500 hPa GPH observations (this in itself is surprising given even just the errors in the observations). Presumably, 20CRv3 is better than the evaluation data and perhaps even better than the assimilated data. It is thus much more difficult to improve this situation than to improve fields in 1877/78 over Africa. Total column ozone and 500 hPa GPH both lead to an improvement, as seen in the corresponding other variable, in a leave-one-out approach, and in independent upper-level wind data.

The improvement in the case of 1926/27 is not very large, but well visible in the middle troposphere and tropopause (i.e., column ozone). No improvement is found in the lower troposphere. This could arguably be very different if the assimilated fields were cycled, which is a limitation of this sutdy. In fact, assimilating upper-air data led to an improvement in a historical reanalysis as demonstrated by the ERA-PreSAT experimental product (Hersbach et al., 2017), which assimilated upper-air data starting in 1939. It should also be noted that the assimilation set up used in this study is deliberately simple in that no localization was used.

In our approach, observations were debiased with respect to 20CRv3 and therefore did not introduce unwanted biases. This is an idealized set-up, which mimics what an online-bias correction could do in an optimal case. It is well-known that in a more realistic set-up, changes in observing system are one possible cause of biases and step changes in historical reanalysis data sets (e.g., Bloomfield et al., 2018; Cid et al., 2018; Blanc et al., 2021 and many more), even in the satellite era (e.g., Grant et al., 2008). Hence much more work arguably needs to be done to be able to assimilate additional variables. When assimilating remote, historical data in a period of sparse observations, quality control is difficult and the danger of introducing biases exists (see also Dee et al., 2014), which is not analyzed in this study. Remaining outliers also could destroy the skill in experiments as those shown in this article. Conversely, it should be noted that historical reanalyses provide a tool for the quality control, outlier screening or even break detection in observations.

The results from this study show that historical observations can indeed help to improve reanalyses. Many of the historical observations are already available in digital form, such as the upper-air information (Stickler et al., 2014a,b; Haimberger, 2021). In other cases additional data rescue efforts are required. The simple experiments presented in this article can help to prioritize future data rescue efforts.

Finally, experiments such as those presented here can possibly be used as a “poor-man's assimilation” to generate post-processed fields, e.g., for case studies. As the analyses are not cycled back to the model, they may not be physically consistent in a strict sense. However, as this study shows, resulting fields might be statistically improved and may be useful for further applications. In particular, such approaches may make use of additional variables such as temperature, which are difficult to assimilate in a conventional reanalysis, but in the setting used here (in particular the debiasing) can provide useful additional information.



Boundary Conditions and Forcing Data

An additional way in which observations support historical reanalysis is in the form of model boundary condition or forcing data. Although this article does not analyse their potential in terms of improvements that could be reached in this way, some aspects should be briefly listed for the sake of completeness. For atmospheric reanalyses, sea-surface temperature and sea ice are arguably the most important boundary condition. Especially when going further back in time, sea-surface temperature are sparse, and existing data sets still have issues (Chan et al., 2019) that affect reanalyses generated from them. Work is ongoing to further improve (and better quantify uncertainties of) the sea-surface temperature record (Kennedy et al., 2019). Any information on sea ice could be particularly beneficial. For coupled simulations, sea-surface salinity data could contribute important information (Reverdin and Friedman, 2018), as could snow data for the land surface (see Brönnimann et al., 2018b for an overview). Potential skill could also arise from constraining a reanalysis in the tropical stratosphere using a reconstruction of the Quasi-Biennial Oscillation (Brönnimann et al., 2007).

Observations could also help to improve external forcings applied to the models. As an example, Figure 8 shows transmission in the visible and near-infrared derived from spectrobolometric measurements performed by the Smithsonian Institution (Stickler et al., 2014a) at Mount Wilson, California (1905–1920). The data clearly show the eruption of Novarupta in Alaska in 1912. Although the data from the Smithsonian Institution have informed reconstructions of volcanic aerosol optical depth, the spectral transmission data could provide much more detailed and more specific information on aerosol-radiation interaction.


[image: Figure 8]
FIGURE 8. Daily spectral transmission at Mount Wilson from the observations of the Smithsonian institution (Stickler et al., 2010). The arrow marks the eruption of Novarupta in Alaska.





CONCLUSIONS

This article addresses the question how additional observations could improve historical reanalyses. Using an off-line Ensemble Kalman Filter approach, I assimilated observations into Version 3 of the “Twentieth Century Reanalysis” (20CRv3) for distinct historical cases. In addition to surface or sea-level pressure, I also assimilated temperature, upper-air data, and column ozone. For a very early case (Europe in 1807), the additional observations led to a substantial improvement, although assimilating more pressure data alone did not increase the skill for temperature and vice versa. For Africa in 1877/78, during a strong El Niño event, a small positive effect of assimilating additional ship data could be found across the entire domain despite that fact that observations are very sparse and only a handful of measurements per day could be assimilated. Finally, for the case of 1926/27, it could be shown that assimilating upper air data or even total column ozone data improves the fields in the middle troposphere and the tropopause level, while 20CRv3 is already extremely well-constrained in the lower troposphere such that no improvement could be found.

Finally, I addressed the question how much further back reanalyses could be extended if all observations taken were available in digital form and of sufficient quality. I estimate that land-based information would support a dynamical reanalysis back to around 1781, although there is very little information from ships for this time. Further data rescue efforts would however be needed for such an extension. For certain analyses such as case studies, post-processed 20CRv3 fields generated with a similar approach as used in this study could prove beneficial.
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